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The way carbon covalently bonds with itself to form many unique structures has 
made it a remarkable element that no other element existing in the periodic table is like.  
Carbon exists inside living organisms as a building block of amino acids, nucleic acids, 
and membranes, bio-macromolecules that are essential for the organization and survival 
of living creatures.  As a free material in nature, carbon exists mainly as graphite, 
diamond, and as amorphous carbon such as charcoal and carbon black.  Both graphite and 
diamond are carbon based materials however they differ in structure and, consequently, 
in the properties both have.  In graphite, carbon atoms form sheets of hexagons layered 
on top of each other and held together by weak van-der Waals forces whereas in diamond 
carbon atoms covalently bond to form isometric crystals (cubes and octahedrons).  
Graphite is one of the softest materials known, and is a very good electrical conductor.  
Diamond is ultimately the hardest material known, and is a near perfect insulator.  
Recently, a new form of carbon, fullerene C60 or buckyball, has been discovered [1].  
Fullerene is considered as the carbon quantum dot where unlike graphite and diamond it 
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exists as a discrete molecule with a distinct structure wherein 60 carbon atoms bond in 
rings of 5- and 6- atoms to form a ball of spherical shape.  Seventy carbon atoms can also 
arrange in a similar way forming C70 structure which is also another known fullerene 
structure.  Shortly after the discovery of fullerenes, a new structure of carbon was 
fabricated in the form of nanotubes [2-4].  Carbon nanotubes are the quantum wires of the 
fullerene family.  They possess long cylindrical shapes and come in two main forms: 
single-walled nanotubes (SWNTs) [3-4] and multi-walled nanotubes (MWNTs) [2].  
Single-walled carbon nanotubes posses distinct properties over multi-walled carbon 
nanotubes and have found more interest mainly due to their smaller diameter size (~ 1 nm 








The electron configuration of the ground state of carbon atom follows (1s)2(2s)2(2p)2 
with four valence electrons available for covalent bonding with other carbon atoms.  
Because the energy difference between the upper 2p energy level and the lower 2s energy 
level is small compared to the binding energy of chemical bonds, the electronic 
wavefunctions of the valence electrons get mixed to enhance the binding energy of 
carbon atoms with each other [5].  When one of the 2s electrons gets promoted to a 2p 
orbital (2px), mixing of the s-orbital and p-orbital takes place forming a linear sp1 
hybridization.  This is the case in acetylene C2H2 where the sp hybrids in the two 
neighboring C-atoms bond together forming a strong σ–bond whereas the remaining 2p 
electrons on each atom form a weak π–bond resulting in a total of triple bonds in the 
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acetylene (HC≡CH).  In the second case, the 2s electron hybridizes with two 2p (2px and 
2py) electrons forming sp2 hybridized orbital.  This is the case in graphite where each 
carbon atom has three sp2 hybrids as shown in Figure 1-1, each of which contributes to 
the formation of σ–bonding with other hybrids in neighboring C-atoms.  The remaining 
π–electron of 2pz forms weak π–bonding with other neighboring π–electrons.  The 
movement of electrons in these π–bonds from one atom to the other explains the ability 
of graphite to conduct electricity.  When the 2s electron hybridizes with all three 2p 
electrons, an sp3 hybridization results forming the structure of diamond.  In this structure, 
all four sp3 hybrids formed in each carbon atom participate in the formation of strong σ–
bonds with the other four hybrids in neighboring atoms which explains the ultra hardness 
and resilience of diamond.  In carbon nanotubes, the bonding of carbon atoms is the same 
as that in graphite which is namely sp2.  Sigma bonding takes place between hybrids of 
each carbon atom in neighboring hexagons.  Some sp3 hybridization might also exist in 
the structure of nanotubes especially near the end caps of the nanotubes or near 








Figure 1-1.  Schematic representation of sp2 hybridization. 
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A single-walled carbon nanotube is a graphite sheet rolled up into a tubular shape 
with half a spherical fullerene structure at both ends.  Depending on their method of 
synthesis, SWNTs can usually have a diameter of less than a nanometer and a length of 
several micrometers.  Figure 1-2 illustrates a honeycomb lattice structure of a two-
dimensional graphite sheet of an unrolled SWNT.  Rolling up this sheet so that points O 
and A, and B and B' coincide would result in the formation of a single-walled carbon 
nanotube structure.  Chirality (spiral property) of SWNTs is the major property that 
determines the symmetry and thus the structural form of the nanotubes.  This chirality is 
represented by the chiral vector Ch which can be defined in terms of the space vectors ā1 
and ā2 as: 
Ch =  n ā1 + m ā2 =  (n,m),     ( 0 ≤ |m| ≤ n )                         … 1-1 
The space vectors can be defined in terms of the Cartesian coordinates as follows: 
ā1 =  a [ (√3)/2 î + 1/2 ĵ ]   ,     ā2 =  a [(√3)/2 î - 1/2 ĵ ]                 … 1-2 
where a is the lattice constant given by 1.44 Å x √3 = 2.49 Å.  In Figure 1-2, the carbon 
nanotube axis extends perpendicular to the chiral vector Ch, which represents the 
circumference of the nanotube.  Thus, the diameter of the nanotube can be calculated via: 
D =  |Ch |/π =  (a/π) (n2 + m2 +nm)1/2                             … 1-3 
and the chiral angle “θ” can also be calculated as: 
cos (θ) =  (2n + m) / (2(n2 + m2 +nm)1/2)                           … 1-4 
Because of the symmetry of carbon hexagons, SWNTs can assume many structural 
forms depending on the arrangement of the hexagon rings with respect to the nanotube 
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axis.  Different nanotube structures have different (n,m) integers and thus different 
conformational symmetry as implied by equation 1-1.  Figure 1-3 shows the three well-
known structures of SWNTs characterized by the arrangement of carbon atoms at the end 
of a cross-sectional ring across the nanotube axis.  Each one of these structures belongs to 
a set of (n,m) integers.  Armchair nanotubes (Fig. 1-3A), for example, belong to Ch=(n,n) 
group, zigzag nanotubes (Fig. 1-3B) are members of the Ch=(n,0) group, and chiral 
(spiral) nanotubes, which are the most abundant of all, (Fig. 1-3C) belong to Ch=(n,m) 
group where 0 < |m| < n.  By knowing (n,m), the symmetry and structure of SWNTs can 






Figure 1-2.  Honeycomb structure of two dimensional graphite sheet, where the chirality of the nanotube is 
determined by the chiral vector Ch which is perpendicular to the nanotube axis that extends along the 












One of the unique properties of single-walled carbon nanotubes is the fact that these 
materials can come in two types mainly semiconducting, and metallic with some semi-
metallic ones as well.  The electronic identity of nanotubes can be predicted by 
theoretical calculations starting with the 2D-graphene structural model [6-9].  Rolling up 
the graphene sheet into a 1D nanotube structure imposes boundary conditions along the 
circumferential direction as follows: 
Ch . k = 2πq                                                   … 1-5 
where Ch is the chiral vector, k is the wavevector, and q is an integer.  This boundary 
condition gives k a number of allowed values that when introduced into the energy 
dispersion relation of 2D- graphene sheet, the energy dispersions of a nanotube result.  So 
for each k value, there exists one and only one constant energy value.  In other words, the 
energy change with respect to the k vector is zero at that particular E-value.  This is 
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reflected in the observation of single lines in the density of states (DOS) plot called van 
Hove singularities, which do not appear in the plot of 2D graphite as shown in Figure 1-4 
[6].   
As a consequence of equation 1-4, the electronic identity of nanotubes has been 
predicted theoretically [10-12] and experimentally [13] to greatly depend on their 
diameter and chiral angle.  So, each nanotube belonging to a particular (n,m) pair of 
integers has the uniqueness to be either metallic, semiconducting, or in-between as semi-
metallic as shown in Figure 1-5.  For example, calculations predicted that all armchair 
nanotubes with (n,n) are metallic whereas zigzag and chiral nanotubes are metallic only if 
the condition n-m=3x(integer) applies.  Other nanotubes with n-m≠3x(integer) are 
semiconducting with ~0.5 eV energy gap value.  This bandgap energy in semiconducting 
nanotubes is inversely proportional to the diameter of the nanotubes  (detailed reviews of 






Figure 1-4.  Calculated density of states for a metallic (9,0) zigzag nanotube illustrating the sharp van 





Figure 1-5.  The 2D graphene sheet illustrating the (n,m) integers for all armchair, zigzag, and chiral 
nanotube structures with those that are metallic (dotted circles) and those that are semiconducting (small 
dots).  The numbers below the (n,m) integers indicate the number of caps that can be joined to form that 











The structural properties of single walled carbon nanotubes including their diameter 
and chirality depend mainly on the method of synthesizing these materials and the 
conditions under which they are synthesized.  For this, a brief description of the different 
methods developed to synthesis SWNTs is presented in this section.   
A number of techniques have been developed to produce carbon nanotubes in large 
gram quantities.  These include the method of laser vaporization [16], carbon arc 
synthesis [17], carbon vapor deposition [18], and high-pressure carbon monoxide 
(HiPCO) method [19].  Metal catalysts such as Fe, Co, and Ni are usually essential 
elements used to aid the synthesis of single walled carbon nanotubes but not multi-walled 
carbon nanotubes.  
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In the laser vaporization method, an intense pulsed laser beam (typically an Nd-YAG 
laser) is focused on a target of metal/graphite composite.  The intense laser beam 
evaporates the graphite target forming the nanotubes in a furnace operating at ~ 1200oC.  
The formed nanotubes are then swept into a water-cooled Cu finger with a strong Ar gas.  
This technique is known to produce bundles of nanotubes with narrow diameter 
distributions of 1.38±0.02 nm and 100 µm length [16].  
Single-walled carbon nanotubes can also be produced by striking an electrical arc 
between two graphite rod electrodes of 5-20 mm diameter that are usually separated by 1 
mm distance as in the arc discharge method.  A potential difference of 20-25 V is 
maintained between the two electrodes with a current of 50-120 A flowing between them.  
The process takes place in a closed chamber under high temperature of >3000oC and 500 
Torr with a continuous He gas flow.  During the operation, carbon vaporizes from the 
positive graphite electrode which contains metal catalysts and a carbon deposit 
containing carbon nanotubes is formed on the negative electrode [17].  This arc process 
usually yields a narrow size distribution of single-walled nanotubes with average 
diameter less than 1.5 nm.   
The production of single-walled carbon nanotubes from the vapor phase via carbon 
phase growth method has also been reported as a potentially efficient way to produce 
single-walled carbon nanotubes providing the suitable synthesis conditions [20].  In this 
approach, gaseous hydrocarbons such as CH4, CO, and C6H6 in addition to H2 gas are 
reacted in a chamber under high temperature of 1100 oC.  Formation of carbon nanotubes 
takes place on the surface of metal nanoparticles that serve as catalysts.   
All of the above described nanotubes synthesis methods were known to produce both 
single-walled and multi-walled carbon nanotubes and in small quantities until the 
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development of the high pressure carbon monoxide decomposition (HiPCO) method 
where via this method only single-walled carbon nanotubes are produced and in large 
amounts [19].  This HiPCO method is a continuous flow method of single-walled carbon 
nanotubes production where typically a mixture of CO and Fe(CO)5 gas is continuously 
passed through a heated furnace.  Thermal decomposition of Fe(CO)5 produces Fe 
clusters on which SWNTs nucleate and form.  Controlling the furnace temperature and 
pressure roughly controls the size and diameter of the resulting nanotubes.  Small 
SWNTs of 0.7 nm diameter can be produced at high temperature of 1200 oC and 10 atm 
pressure [19].  This HiPCO method, compared to other synthesis methods [19], has the 
advantage of producing relatively large quantities of SWNTs with no production of 








Due to the nature of single-walled carbon nanotubes synthesis conditions, the 
production of SWNTs is usually combined with the production of other undesired 
impurities including catalysts, carbon nanoparticles, fullerenes, and amorphous carbon.  
Additionally, the strong intrinsic van der Waals attractions between nanotubes results in 
the existence of nanotubes as bundles of multi-number of individual nanotubes which 
makes it difficult to disperse these materials in commonly used solvents.  This has long 
been a hurdle facing the fast progress in the nanotubes technology and research and has 
been an obstacle in the way of utilizing nanotubes for various applications.  To fully 
realize the importance of single-walled nanotubes, highly pure nanotube samples must be 
obtained.  A strong surface functionalization of the nanotubes is also required in order to 
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overcome the van der Walls forces.  This has stimulated a tremendous research effort to 
develop various approaches to purify and solubilize single walled carbon nanotubes as we 
briefly review in this section.  
The most commonly adopted approach to purify nanotubes from metal catalysts and 
other undesired impurities is the refluxing nitric acid treatment [21-23].  The nanotubes 
are usually suspended in high concentration of nitric acid, refluxed at high temperature 
and then washed with deionized water.  This process usually oxidizes the metal catalysts 
into their ions due to the strong oxidization nature of nitric acid, which makes it easy for 
the ions to be washed out of the sample.  It, in addition, opens the end caps of the 
nanotubes and introduces carboxylic acid groups into the ends and on the structural 
defect sites of the nanotubes where they are most reactive [24-26].  Although this process 
of purification is known for its effectiveness in eliminating metal catalysts it is, however, 
crucial that this process be carried out under controlled temperatures and exposure times.  
Extensive exposure to nitric acid can destroy the walls of the nanotubes and even cause 
digestion of the tubes themselves [27].  Prolonged sonication of nanotubes in 
concentrated nitric acid and sulfuric acid can cut the nanotubes into small pieces.  This 
treatment has been adopted as a process for cutting long tangled ropes of nanotubes into 
shorter segments, opened ends tubes of 100-300 nm length called fullerene pipes [28].  
Other purification procedures have also been reported before including thermal 
annealing, hydrochloric acid treatment, and gas-phase purification [29-32].  Controlled 
optimal conditions of thermal annealing combined with hydrochloric acid treatment have 
been reported before to produce high nanotubes yield and optimal high purity with less 
destroyed nanotubes as compared to nitric acid treatment [30].   
Acid treatment of single-walled carbon nanotubes is usually considered as the 
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primary first step to functionalize nanotubes by covalently attaching carboxylic acid 
groups to their surface which helps the debundling and dissolution of the nanotubes in 
solvents [33].  However, the fact that nanotubes have high surface area adds as an 
advantage for the surface functionalization of nanotubes via a variety of other covalent 
surface functionalities.  Covalent functionalization of nanotubes surface via fluorination 
[34], aryl diazonium reactions [35-36], in-situ radical polymerization of sodium 4-
styrenesulfonate [37], addition of dichlorocarbene [38], and via many other chemical 
functionalities have all been reported before (For good review on the chemistry and 
covalent chemistry of single-walled carbon nanotubes, the reader should consult 
references 39 and 40).  
Attributed with the covalent functionalization of nanotubes is the formation of new 
bonds in the graphene sheet.  Although this process is undesirable as it disturbs the 
electronic symmetry of graphene, it offers the advantages of both dispersing the 
nanotubes in common solvent and providing functional groups such as carboxyl and 
hydroxyl groups on the surface of the nanotubes that facilitate the attachment of different 
chemical moieties to the nanotubes surface [34]. 
Non-covalent functionalization of nanotubes has also been widely reported as an 
alternative approach to both modify the nanotubes surface and facilitate their dispersion.  
This approach is more preferable than covalent functionalization since it preserves the 
electronic makeup of nanotubes as no covalent bonding is involved.  Well-dispersed 
nanotubes have been obtained using ionic surfactants such as sodium dodecylbenzene 
before [41] as well as high molecular weight non-ionic surfactants [42].  Non-covalent 
functionalization via adsorption and wrapping of different polymers such as 
poly(aryleneethynylene), poly(phenylenevinylene), polyvinyl pyrrolidone, and others is 
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also a widely applied approach for nanotubes dissolution [42-52].    
Depending on the type of application required, the choice of functionalities to 
disperse nanotubes could be determined [53].  Functionalization of nanotubes with 
biological macromolecules such as DNA and peptides is desirable since these molecules 
could impart the biocompatibility property to nanotubes as shall be reviewed later in this 
chapter.  For applications involving the utilization of nanotubes in electronic devices and 
sensing purposes, non-covalent functionalization is not desirable as it blocks the 
accessibility to the nanotubes surface via the polymer or surfactants wrapping.   
In the present study, the non-covalent functionalization approach is adopted.  An 
amphiphilic poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium 
bromide-co-4-vinylpyridine) polymer that has been engineered in our laboratory is 
employed [54].  With its dual hydrophobic and hydrophilic nature, this polymer 
represents a good dispersing agent of the nanotubes as it attaches to the nanotube surfaces 
via its hydrophobic moieties whereas the charged hydrophilic groups contribute to the 
dispersion of the nanotubes.  Adding to this is the fact that these hydrophilic groups 
provide a good positively charged coating of the nanotube surface that is essential for 
strong electrostatic interactions with the negatively charged phosphate groups of the cells 








Many spectroscopic and microscopic techniques can be utilized to characterize and 
identify the structural properties of single-walled carbon nanotubes.  Raman spectroscopy 
represents one of the most powerful and versatile techniques that can provide valuable 
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insights about the structural properties of SWNTs such as their diameter, chirality, and 
electronic classification whether semiconducting or metallic [55-59].  The strong 
coupling between electrons and the phonons in the nanotube structure gives rise to a 
strong Raman signature under resonance conditions between the incident photon and the 
electronic transitions between van Hove singularities [60-61].  By monitoring changes in 
the intensity, shape, and position of nanotubes Raman bands, one can gain valuable 
information about the surface modification of nanotubes upon purification and 
functionalization of SWNTs [62-64].   
Figure 1-6 shows the Raman spectrum of HiPCO single-walled carbon nanotubes.  
The motion of the carbon atoms in the radial direction across the nanotube gives rise to 
what is called the radial breathing modes (RBM) in the 100-400 cm-1 range.  The position 
of each RBM peak is inversely proportional to the diameter of the nanotubes existing in 
the sample according to the relation: 
νRBM (cm-1)=(223.5 (cm-1.nm)/d(nm))+12.5 (cm-1)                    … 1-6 
where νRBM is the Raman frequency of the RBM’s and d is the diameter of the nanotubes 
[65].  Probing the sample with a laser spot size of almost a micron (almost one thousand 
times larger than the diameter of a single nanotube) allows the excitation of a multiple 
number of nanotubes at the same time.  These different excited nanotubes with different 
diameters come in resonance with the excitation frequency that gives rise to the various 
RBM peaks observed in Figure 1-6 [66-67].  The diameter of the nanotubes in resonance 
with the main observed RBM bands can be calculated from equation 1-6.   
The band seen in the 1500-1600 cm-1 region is the well-known G-band of SWNTs 
resulting from the tangential C-C stretching vibrations both longitudinally and 
transversally on the nanotube axis [57, 60].  This G-band is similar to that appearing in 
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Figure 1-6.  Raman spectrum of HiPCO single-walled carbon nanotubes showing the RBM in the 100-400 







the Raman spectrum of graphite thus it is called sometimes ‘the graphitic band’.  Because 
carbon atoms arrange differently with respect to the roll-up axis of the tube in different 
nanotube structures, their stretching modes will differ with their chirality and this reflects 
on the shape of this G-band that varies for those metallic and semiconducting [60].   
The depressive disorder peak, known as the D-band, is seen in the 1300-1400 cm-1 
range.  This peak is attributed to scattering from sp2 carbons containing defects and is an 
indication of disordered graphite [60, 68].  This Raman D-band is usually a spectral 
indicative of strong covalent functionalization imposed on the nanotube surface.  Strong 
covalent bonding to the carbon atoms breaks the sp2 symmetry of the nanotubes 
transforming it to sp3 symmetry.  This creates a structural defect within the nanotube at 
the bonding site which causes more enhanced scattering of phonons [69].  This can be 
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observed from the Raman spectrum of functionalized nanotubes as the intensity of the D-
band increases drastically with respect to that of the G-band [33-40].  Evidence of non-
covalent functionalization of nanotubes can also be obtained from Raman spectroscopy.  
Polymers adsorption or wrapping around the nanotubes surface has been observed to 
cause an up-shift in the Raman frequencies of both radial breathing modes and G-
tangential modes bands as well as narrowing in the bandwidth of the G-band [48, 52].   
UV/vis/NIR absorption spectroscopy is another powerful technique that offers 
valuable insights regarding the electronic structure of carbon nanotubes.  Whether carried 
out in solution-phase or solid-phase samples, the absorption bands from van-Hove 
singularities is always a clear spectral signature of the electronic state of nanotubes.  
Disruption of the electronic structure of the nanotubes via covalent functionalization of 
nanotubes surface can be evidenced using absorption spectroscopy as the different 
transition bands from van-Hove singularities disappear after the functionalization [35-
40].  Determination of the effects of chemical modification on the band gaps of single-
walled carbon nanotubes has been reported before using NIR spectroscopy [24].  Detailed 
electronic structural characterization of functionalized nanotubes and investigation of 
selective reactions of functional groups with nanotubes can also be studied using 
absorption spectroscopy [70].  
Thermo gravimetric analysis (TGA) gives insightful information about the purity of 
nanotubes and provides quantitative information about the content of nanotubes in a 
sample.  The percent weight ratios of carbon content in terms of the ratios of amorphous 
carbon, single-walled nanotubes, and other carbon residues within a sample can be easily 
obtained using TGA.  After the modification of the nanotubes, TGA can provide the 
ratios of the amorphous carbon and residue to that of the nanotube sample.  Thus, the 
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TGA method is a good way to provide information about the effectiveness of a 
purification method. In addition, it provides information about the ratio of SWNTs 
present and polymers or surfactants if used in the purification process [34-35].   
Microscopic techniques particularly high-resolution transmission electron microscopy 
(HRTEM) provide relatively accurate measurements of the diameter and size of SWNTs 
and their aggregation status as bundles or individual tubes.  Upon the purification of 
nanotubes, microscopy can provide evidence on the presence and absence of catalysts 
and impurities within a sample.  HRTEM can provide accurate quantitative information 
of an individual nanotube size and the size of a surfactant or polymer coating on the 
nanotube surface upon functionalization as will be seen in the present study.  Other 
microscopic techniques including scanning electron microscopy and atomic force 
microscopy can also provide valuable structural information on functionalized carbon 
nanotubes.  
All the spectroscopic and microscopic techniques can be combined to provide 
structural identification and characterization of single-walled carbon nanotubes and their 
surface functionalization that would help in understanding their properties and help 








While graphite lacks the high strength diamond has and while diamond lacks the 
electrical conductivity graphite has, single-walled carbon nanotubes have both.  Owing to 
the nature and strength of the single covalent bonding between carbon atoms and the 
structural symmetry of their structure, single-walled carbon nanotubes possess 
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remarkable properties that made them very popular in both the scientific and the 
industrial societies with high potential for many applications [71].  Their importance is 
being better recognized specially in the view of the aforementioned purification and 
dispersion approaches which have facilitated the better utilization of nanotubes in many 
applications.  
One very important property of single-walled carbon nanotubes is their remarkable 
mechanical properties as predicted by theoretical and experimental observations [72-73].  
Individual single-walled carbon nanotubes are known to have a very high Young’s 
modulus of up to 1000 GPa or more, which is almost equal to that of the graphite in-plane 
modulus (~ 1000 GPa) and almost five times that of steel (~ 200 GPa [74]) [75].  
Nanotubes are also extremely tough materials because of their ability to sustain high 
strain and high loads where they exhibit large breaking strength of up to 30 GPa which is 
close to that of Silicon Carbide (~ 53 GPa) [72].  These remarkable mechanical properties 
make nanotubes great candidates as reinforcing materials that can be incorporated with 
plastics, ceramics, and polymer composites to yield lightweight, high strength structures.  
Efforts have been directed towards incorporating single-walled carbon nanotubes into 
structural composites such as layer-by-layer thin films [76] and carbon fibers [77-78] that 
can lead to a better mechanical properties of high strength and high Young’s modulus.   
The ability of π–bond electrons to move from one atom to another in nanotubes gives 
these materials their unique electrical properties of high conductivity.  Due to this 
interesting property, single-walled carbon nanotubes have been introduced as base 
materials for many nanoelectronic devices [79-82], actuators [83], and super-capacitors 
[84].  Nowadays single-walled carbon nanotubes form the infrastructure of field-effect 
transistors (NT-FET) [85-86].  Their combined properties of high surface area (1580 
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m2/g), good conductivity, and high sensitivity to gases [87-89] have allowed SWNTs to 
be used as sensing materials for gasses and chemical vapors [90-92].  Nanotube-based 
field effect transistors have been utilized to monitor changes in the conductivity of 
nanotubes upon adsorption of some harmful gases such as nitrogen oxides, ammonia, and 
methane [93-96].  Operating at room temperature with high efficiency, high sensitivity, 
good conductivity, and small size as compared to other existing sensors, makes these 
SWNTs based sensors a very useful part for our everyday life.   
In addition to the many applications mentioned above, single-walled carbon 
nanotubes have been used in many other applications.  Due to their long fibrous structure 
and small diameter tips, carbon nanotubes can be used as field emission electron sources 
[97-98].  Single-walled carbon nanotube-coated surfaces have been used in 
manufacturing flat panel displays where an applied electrical potential between the 
SWNTs-coated surface and a phosphor-coated surface anode causes the emission of 
electrons from the nanotubes into the anode where the phosphor-coated surface 
illuminates [99].  Based on their electron emission capability, a stable, intense 
luminescent, and long life lighting elements have been prepared before based on carbon 
nanotubes [100].  In addition, carbon nanotubes have also been used as base materials for 
making scanning probe tips [101] with high strength, flexibility, and long life which offer 








High purity and water dispersion are crucial requirements when considering single-
walled carbon nanotubes in biological and biomedical applications.  For efficient 
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biological and biomedical applications of nanotubes, their functionalization with 
bioactive groups is usually favorable.  Modification of the nanotube surface via covalent 
[102] and non-covalent attachment of peptides [103] has been reported to both render the 
nanotubes soluble and even control the assembly of peptide-nanotubes based 
macromolecular structures [104-105].  Protein attachment to nanotube surface has also 
been reported to render the nanotubes water soluble as in the case of bovine serum 
albumin coated nanotubes [106]. It has also been seen to render the nanotubes 
biocompatible, and to impart some binding sites on the nanotube surface for specific 
binding of different biological systems [107-108].  Dispersion of nanotubes in water has 
also been reported via the interaction of single-stranded DNA (ssDNA) molecules that 
wrap around the nanotubes in a helical fashion [109].  The interaction of DNA molecules 
with the nanotubes was seen to be dependent on the sequence of the DNA [110], which 
was employed to separate the nanotubes based on their diameter and electronic identity 
whether metallic or semiconducting [109, 111].  
With a better understanding of the mode of interaction between nanotubes and 
biological molecules, a full appreciation of the potential importance of nanotubes in 
biological and biomedical application can soon be recognized [112].  So far, carbon 
nanotubes have been mainly utilized as sensing materials of various biological molecules 
such as DNA [113-114], and glucose [115-118].  Nanotubes were also used as 
conducting channels in nanotubes based field effect transistor devices where the electrical 
conductivity of, mainly, semiconducting nanotubes was utilized to sense proteins [119-
122].  Nanotubes were also used as molecular tips functioning as probes in chemistry and 










Biocompatibility of nanomaterials in general and carbon nanotubes in particular 
represents one of the most important and sensitive issues determining the real utilization 
of these materials in biomedical applications.  Only a limited number of studies 
addressing the biocompatibility issue of carbon nano-materials, especially carbon 
nanotubes and their interfacing with animal cells, have been reported so far.  It is only 
recently that the subject of the impact of carbon nanotubes on health and the environment 
has been raised.  It was reported before that when nanocrystals of buckyballs (C60) were 
dissolved in water they kill one-half of the E-Coli bacteria existing in water, which makes 
these buckyballs materials powerful antibiotics [124-125].  On the other hand, because 
C60 molecules have a powerful capability to attract electrons from any nearby molecules, 
they have the potential to convert oxygen and molecules into strong radicals that can be 
harmful to living tissues.  This was previously observed before where the membrane of 
human dermal fibroblast (HDF) and human liver carcinoma (HepG2) cells was seen to 
become degraded when exposed to C60 molecules at 20 ppb amounts [126], which makes 
C60 molecules quite lethal to living tissues.   
Single-walled carbon nanotubes have the potential to be used as drug and vaccine 
delivering agents [127].  However, their effect on the target living cells and tissues where 
they are interfacing is a very important issue to be investigated.  In a study applied on 
human 3T6 and murine 3T3 fibroblasts cells, it was seen that fluorescently labeled single-
walled carbon nanotubes were able to internalize into the membrane of these cells and 
accumulate in the cytoplasm or the nucleus without inducing any toxicity effects within 
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the cells [128].  In addition, single-walled carbon nanotubes and single-walled carbon 
nanotubes-protein conjugates were demonstrated to act as molecular transporters that 
internalize mammalian cells without introducing any toxicity effects [129].  However, 
more careful in-vivo toxicity investigations of the possible health risks associated with 
single-walled carbon nanotubes reported recently from two separate studies have shown 
that single-walled carbon nanotubes can induce pulmonary granulomas and pulmonary 
inflammation in rat lungs [130-131].  In these studies, it was suggested that single-walled 
carbon nanotubes exhibit a new mechanism in inducing the observed lung lesions in rats 
which differs from those induced by other toxic materials such as carbon black, quartz, 
and silica particles [131].  A more lethal health effect of single-walled carbon nanotubes 
was observed before where it was reported that when nanotubes were included inside the 
lung tissue of rats, they were seen to agglomerate causing tissue damage, and respiratory 
problems leading, consequently, to the death of rats [124].   
Obviously, the biocompatibility of carbon nanotubes and their impact on health 
remain to be clarified [132-133].  Additional studies are required in order to further 
explore the biocompatibility, cytoxicity, and health impacts of these man-made materials 
on living systems.  It is premature to judge these issues at this point with such a limited 
number of studies reported so far [134].  To a large extend the biocompatibility and 
toxicity of nanomaterials can depend mainly on their surface properties such as their 
surface chemistry which controls the general properties of these materials [126, 135-140].  
The experimental conditions, the type of biological system investigated, and the dose 








In biomedical applications, good mechanical and electrical properties are major and 
essential requirements of materials that are used in the fabrication of devices utilized as 
external implants and prostheses for treatments of neuronal and bone injuries.  The 
current most widely used materials for extracellular implants are titanium and gold, 
which are mainly used for treatments of bone-related injuries, and silicon electrodes, 
which are widely used for treatments of neuronal related injuries.  Both titanium and gold 
exhibit good mechanical properties (Young’s modulus of 110 MPa and 80 MPa for 
titanium and gold, respectively) and are conductive, particularly, gold.  However, these 
materials lack the flexibility which can also be essential property for efficient use of 
special implants utilized to treat joint injuries like hip and knee injuries.  Silicon, on the 
other hand, has good electrical conductivity (10-2-104 S.cm-1), however it does not offer 
the same high strength that both titanium and gold offer.  An ideal material to be used as 
base material of implants, prostheses, and orthopedic devices, must offer all combined 
properties of high strength, good electrical conductivity, and at the same time flexibility.  
All these essential properties are possessed by single-walled carbon nanotubes and that is 
why these materials were utilized in the present study.  Such materials can be great 
candidates, with tremendous promise, for many biomedical applications.  In the present 
study, we intend to present a scientific illustration of such applications of these man-
made materials single-walled carbon nanotubes.  Investigation of the biocompatibility of 
single-walled carbon nanotube-based structural composites, their long-term impact on the 
viability, growth, and differentiation of NG108-15 neuroblastoma x glioma hybrid culture 
neuronal cells, and the illustration of the possible use of such composites as external 
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supporting implants and as stimulating materials of neuronal growth, all represent the 
objectives compromised of the research work presented in this thesis.   
In order to achieve the intended objectives of this study, the need for a pure and a 
well-dispersed nanotube suspension is essential.  Stable dispersions of nanotubes were 
first prepared by the modification of nanotube surface using poly(N-cetyl-4-
vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium bromide-co-4-vinylpyridine) 
amphiphilic polymer following the procedure we have recently reported [54].  
Microscopic and spectroscopic evidence of the surface modification and mode of 
interaction of the used polymer with nanotube surfaces are first presented.  Following the 
preparation of nanotubes dispersion, layer-by-layer assembly was employed to construct 
single-walled carbon nanotube-based thin film composites.  Driven by electrostatic 
interactions, this method offers the possibility of preparing thin films and freestanding 
structures of nanotubes that can sustain the long-term exposure to cell culture medium.  
Additionally, the layer-by-layer can also provide an efficient way to control the 
mechanical and the electrical properties of the resulting films.  These nanotube films can 
be used to interface with neuronal cells.  Such interface is characterized in the present 
study by studying the growth and differentiation of NG108-15 cells on the surface of the 
prepared nanotube structures. 
Being non-degradable, the possibility of using single-walled carbon nanotubes as 
reinforcing structures -utilizing their high strength- for external implants is also 
illustrated.  Scanning electron microscopy was used to characterize the outgrowth of 
neurites from differentiated cells on the surface of freestanding structures of nanotubes 




In the final part of the thesis, the potential use of single-walled carbon nanotubes as 
stimulating materials for neuronal cells is illustrated.  The good electrical conductivity of 
nanotubes is utilized where thin LBL films of nanotubes were used as stimulating 
substrates of NG108-15 cells.  Changes in the membrane electrical activities resulting 
from such stimulation were recorded via the whole cell patch clamping method.  This 
demonstrates, for the first time, the possibility of making a contact between these 
inorganic materials carbon nanotubes and living cells and opens the door for future 







































Single-walled carbon nanotubes closed-ended, as prepared “AP-grade” (without any 
chemical treatments), produced via the carbon discharge method, were purchased from 
Carbolex (USA).  The hydrophobic polymer poly(N-cetyl-4-vinylpyridinium bromide-co-
N-ethyl-4-vinylpyridinium bromide-co-4-vinylpyridine) (molecular structure shown in 
Figure 2-1) was courtesy of Dr. Alexander A. Yaroslavov (Department of Chemistry, 
Lomonosov Moscow State University). Polyelectrolytes poly(dimethyldiallylammonium) 
(PDDA; Mw ~ 400,000-500,000) and poly(acrylic acid) (PAA; Mw ~ 450,000) were 
purchased from Sigma-Aldrich and used without any purification.  High purity water 
(>18.2 MΩ.cm) was used for the preparation of all solutions and for washing purposes.  
Fresh phosphate buffer saline PBS (Dulbecco PBS ATCC no. 30-2200) was used for cells 
washing and dispersion, unless otherwise indicated.  The pH of the solutions was 
adjusted with 0.1 M HCl or 0.1 M NaOH.  All uncoated glass and silica wafers were 
thoroughly cleaned in freshly prepared “piranha” solution (1:3 H2O2 (30%)/H2SO4 
(98%); DANGEROUS when in contact with organic materials) for 30-min and then 
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Figure 2-1.  Chemical structure of poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium 











In order to obtain high yield, pure nanotube sample, hydrochloric acid treatment was 
followed [30].  Briefly, 0.089 g of as received single-walled carbon nanotubes were 
suspended in 20 ml of concentrated hydrochloric acid and the mixture was sonicated at 
room temperature for 1-hour.  The treated nanotubes were then washed and filtered using 









Modified nanotube suspension was prepared as reported before [54].  Briefly, 
aqueous solution of poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-
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vinylpyridinium bromide-co-4-vinylpyridine) polymer was prepared by dissolving 25 mg 
of the polymer in 5 ml of deionized water in a glass vial.  The sample was left for two 
days to allow polymer swelling.  A 2 ml of dimethylformamide (DMF) was then added 
for the complete dissolution of the polymer.  To prepare the suspension of NTs/polymer 
mixtures, 27 mg of nanotubes were suspended in 90 ml of water/DMF (5/2 v/v) solvent 
mixture and then 2.25 ml of the prepared polymer solution was added.  The pH of the 
mixture was adjusted to pH 9 and sonicated for 5-min until a visually homogeneous 








Figure 2-2 represents a schematic illustration of the layer-by-layer assembly 
procedure followed in this study.  A glass substrate was first dipped in a 1% positively 
charged polydimethyldiallylammonium (PDDA; Mw ~ 400,000-500,000) solution (pH 6) 
for 10 min.  This initial PDDA layer reverses the negative surface charge due to the oxide 
layer present on the glass substrate surface and at the same time, it ensures good coverage 
of the substrate surface with a positively charged layer that will enhance the deposition of 
the consequent negatively charged layer.  After dipping in the PDDA solution, the 
substrate was rinsed with Di-H2O for 1 min.  The rinsing was repeated three times to 
ensure the removal of excess PDDA.  The substrate was then dipped in 1% negatively 
charged poly(acrylic acid) (PAA; Mw ~ 450,000) solution (pH 6) for 10 min to assemble 
a negatively charged layer.  Following that, the substrate was rinsed with Di-H2O for 3- 
min and the rinsing was repeated three times to ensure the removal of excess PAA.  
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Afterwards, the substrate was dipped in the positively charged nanotubes solution for 1-
hr and then removed and washed three times with Di-H2O for 1 min each time and then 
dried with a gentle nitrogen flow.  The whole cycle of dipping into the PAA and 
nanotubes solutions was then repeated as many times as required.  The final layers 
sequence is identified as (PDDA)1(PAA/NTs)n, where 1 indicates the one time dipping in 
the PDDA solution and n indicates the number of dipping cycles in the PAA and 







Figure 2-2.  Schematic illustration of the layer-by-layer assembly process adopted in this study to prepare 
thin films of modified single-walled carbon nanotubes.  The arrangement is demonstrated in the shape of 
the letters L, b, and L illustrating layer-by-layer.  
 
30 




Resistance of nanotube LBL films was measured using two-point probe configuration 
employing a digital multimeter (Fluke 45 dual multimeter display).  In this configuration, 
the nanotube substrate is connected in series to a DC voltage source that is also connected 
to reference resistor.  The current passing through the sample and the reference resistor is 
the same and is used to measure the resistance of the sample by calculating the ratio 









The NG108-15 neuroblastoma x glioma hybrid culture cells (ATCC-American Type 
Culture Collection no HB-12317) were generally cultured at 37 oC in humidified 95% air 
and 5% CO2 environment in T-75 (cm2) tissue culture Falcon flasks.  The culture medium 
consisted of 90% DMEM (Dulbecco-Vogt modification of Eagle’s minimum essential 
medium, GIBCO no. 11965-092) [141] and 10% FBS (Fetal Bovine Serum, ATCC no. 
30-2020) supplemented with 0.1 mM Hypoxanthine, 400 nM Aminopterin, and 0.016 
mM Thymidine (HAT) [142-143] and 0.5% (v/v) of 10000 I.U./ml Penicillin-10000 
µg/ml Streptomycin solution.  The HAT supplement is used to prohibit the growth of 
non-hybrid cells in the culture.  Culture medium was replaced every 24-48 hrs and 
subculturing of cells (cells harvesting) was performed every 4-5 days.  Cells were used in 
experiments after more than 20 subculturing passes at a density of more than 106 cells/ml.   
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Following the LBL assembly of nanotube films on the cover slips, the slips were 
placed in the bottom of a 60 mm Falcon cell culture dishes and were sterilized by first 
washing briefly with %70 ethanol followed by two times rinsing with phosphate buffer 
saline.  The substrates were then exposed to UV-light for 5-min and then washed with a 
full culture medium.  Fresh medium was then added in the dishes containing nanotube 
substrates at 5 ml volume and incubated at 37oC for at least 30-minutes prior to cells 
seeding.  Cells were cultivated from the bottom of the culture flask using 0.25% 
Trypsin/0.53mM EDTA (ATCC no. 30-2101) solution and then were seeded on the NT 
substrates at 250-500 x103 cells/ml density and incubated at 37 oC.  For cells 
differentiation experiments cells were first centrifuged at 65xg for 5-minutes and re-
suspended in fresh culture medium containing %0 serum and then seeded on top of the 
nanotube substrates.  Medium used for cells differentiation was all serum-free medium 
following previous protocols of serum starvation induced cells differentiation [144].  
Other protocols reported the use of %1 FBS serum and a 5 µM Forskolin supplement 








Recordings from neurons and tranfected cells were made on an Olympus IX-71 
inverted microscope.  Measurements were carried out in electrophysiological solution 
consisting of (in mM) 130 NaCl, 2.0 CaCl2, 3.0 KCl, 1.2 MgCl2, 10 glucose, and 10 
HEPES, pH 7.4 and at room temperature.  Cells were voltage clamped using single patch 
electrode in the whole-cell configuration and held at -70 mV using an SEC-05LX 
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amplifier (NPI Electronics GmbH, Tamm, Germany) interfaced to a computer using an 
ITC-18 interface (Instrutech Corp.).  Patch pipettes were made from 1.5 mm OD 8515 
glass (Warner Instruments) and pulled to a resistance of 2-5 MΩ using a Sutter 
Instruments P 87 puller.  Patch electrode solutions contained (in mM) 140 K-gluconate, 
2.0 MgCl2, 0.2 mM CaCl2, 2.0 1,2-bis (2-aminophenoxy) ethane- N,N,N',N'-tetraacetic 
acid (BAPTA), and 1.0 HEPES (pH 7.4).  K-gluconate was substituted with KCl in some 
experiments.  Voltage clamp protocols were controlled using HEKA Pulse (v. 8.54, 








Two different types of substrates were used for electrophysiological measurements.  
Figure 2-3 illustrates the electrical cell setup used for stimulating the neurons via the 
nanotubes LBL film.  A highly conductive (4-8 Ω) Indium Tin Oxide (ITO)-coated glass 
substrates 25x50x1.1 mm (Delta Technologies, Limited USA) were used as conductive 
substrates for the assembly of LBL nanotube films.  A 15x25 mm2 area on the surface of 
the ITO-coated glass was etched by drop coating this area with concentrated HCl (%36) 
for 1-hour followed by intense 3-times washing with De-H2O for 10-min each time.  
Thirty layer-by-layer films of nanotubes were then assembled on the treated non-
conductive area of the substrates bridging the two untreated conductive ITO-coated parts 
of the substrate as illustrated in Figure 2-3.  The same procedures outlined before for 
assembling LBL-films were followed.  At the end of the LBL assembly, the films were 
annealed at 100 oC for 1-hour.   
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In order to illustrate that cells can be stimulated via the nanotube film only, a second 
substrate was used for control experiments to stimulate cells grown on naked glass 
surface and at the same time in contact with the conductive nanotubes film via the 
conductive physiological medium.  Figure 2-4 illustrates such design where the same 
treated ITO substrates mentioned above (shown in Figure 2-3) were used, however an 
additional area (15x15 mm2) was further treated with concentrated HCl to etch the ITO 
coating as shown in Figure 2-4.  Thirty layer-by-layer films of nanotubes were then 
assembled on the substrate covering the 15x25 mm2 treated area and part of the 15x15 
mm2 treated area in such a way that the nanotube film bridges the ITO ends of the 
substrate surface.  The substrates were then annealed at 100 oC for 1-hour.   
Cells were only seeded and grown in a specially designed chambers.  In the first 
substrate shown in Figure 2-3, the cell chamber was mounted on the nanotube layer-by-
layer film assembled on the ITO treated glass surface as shown in the figure.  In the 
second substrate shown in Figure 2-4, the cell chamber was mounted on the substrate in 
such a way that half of the chamber was resting on the nanotube layer-by-layer film and 
the other half was resting on the ITO treated glass surface (15x15 mm2 area) as illustrated 
in Figure 3-4.  Chambers were mounted on the substrates using conductive non-toxic 
silicone elastomer and left to dry overnight at 50 oC.  Silver electrodes were used as 
conducting wires and were mounted on both sides of each substrate using conductive 
silver epoxy as shown in both Figures 2-3 and 2-4.  All substrates were placed in 100 mm 
Falcon type culture dishes and incubated at 37 oC following cells seeding.  For external 
stimulation, an external voltage supply (continuous mode Grass SD9 stimulator) was 




Figure 2-3.  (A) Illustration of the treated ITO-substrate where the white area represents the treated surface 
and is glass only whereas both blue areas represent the untreated surface and are ITO coated.  (B) 
Illustration of the substrate used as electrical cell for stimulating the neurons in the patch clamping 
experiment where nanotube LBL films used were assembled on the glass surface (dark gray area in B) and 







Figure 2-4.  Illustration of the substrate used in the control experiments.  The treated ITO-surface is 
represented by the white area in A and B whereas the ITO coated surface is represented by the green areas.  
Nanotube LBL films were assembled on the glass surface (dark gray area in B) and cells were grown only 
in the cell chamber on top of the nanotube film (B).  As a control experiment, cell grown on glass only 
were stimulated.    
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Samples for the HRTEM measurements were prepared by placing a drop of either 
pristine nanotubes in DMF or polymer modified nanotubes suspension on a copper Lacey 
carbon grid.  Excess solution was removed using a filter paper and the samples were left 
to dry at room temperature one day prior to measurements.  Images of pristine nanotubes 
were conducted on a high resolution JEM-2000FX JOEL microscope at accelerating 
voltage of 200 kV.  Images of polymer modified nanotubes were conducted on a higher 
resolution JEOL 2010F analytical electron microscope with a field emission source at 








For the SEM measurements, all samples were prepared as follows: cover slips 
containing cultured cells layer were first washed briefly with PBS buffer and then the 
cells were fixed with 2% of Glutaraldehyde in buffer at room temperature for 2-hrs.  The 
substrates were then washed with 0.1M potassium phosphate buffer three times for 20-
min each time and then incubated in 1% Osmium Tetroxide for 2-hrs at room 
temperature.  Cells were then washed with 0.1M potassium phosphate buffer three times 
for 20-min each time.  Following that, the cells were dehydrated in ethanol solution 
(30%, 50%, 70%, 90%, 95%, and three times 100%) for 20-min each time and critical 
point dried.  The slips were then mounted on aluminum stubs and coated with a layer of 
gold-palladium.  The imaging was carried out using a JEOL JXM 6400 microscope 
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(maximum resolution 3.5 nm at 40 kV), Philip XL30 field emission gun microscope 
(maximum resolution 2 nm at 30 kV), or FEI Nova Nanolab Dualbeam FIB microscope 








All samples were first checked for auto-fluorescence under the confocal microscope 
and no auto-fluorescence was seen.  To examine cells viability, a viability/cytotoxicity kit 
Calcein/Ethidium(EthD) dye was used (Molecular Probes L-3224).  A stock solution of 
the dye was prepared by adding 2 µl of the supplied EthD dye into 0.5 ml phosphate 
buffer saline and vortexing till good mixture is obtained.  The supplied Calcein was then 
added to the EthD/PBS mixture at 0.5 µl amount.  This gives a final concentration of 4 
µM EthD and 8 µM Calcein.  Prior to adding the dye to cells, slips containing cultured 
cells layer were first washed briefly with PBS buffer, mounted on microscope slides then 
covered with the formed Calcein/Ethidium dye and imaged using a Leica SP2 laser 
scanning confocal microscope at an excitation of 488 nm of an Argon-ion laser.   
To study neurons differentiation and neurites morphology, cells on substrates were 
labeled using a lipophilic dialkylcarbocyanines (DiI) dye (Molecular Probes V22885).  
Briefly, cell substrates were washed with phosphate buffer saline and then covered with 
100 µl of %0.5 (v/v) DiI in culture medium and incubated at 37oC for 2-hrs.  Afterwards, 
substrates were washed with fresh culture medium 3-times by incubating in excess 
culture medium (%0 FBS) for 10-min at 37oC and then viewed under the confocal 
microscope using 488 nm Argon-ion laser line excitation.  
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For the AFM measurements, a drop of nanotube solution was added on top of a clean 
silicon substrate and left for 1-hr at room temperature. The substrate was then rinsed with 
Di-water for 1-min and dried using a gentle nitrogen flow.  Atomic force microscopic 
images were obtained using a Nanoscope III (Digital Instruments, Veeco Metrology 








Absorption measurements of nanotube LBL films were taken from nanotube films on 
glass slips using a HP8453A diode array Hewlett-Packard spectrophotometer.  
Absorption measurements of pristine and polymer-modified nanotubes were taken from 
solid samples on CaF2 windows using a CARY5/CARY500 UV/vis/NIR 








For the Raman measurements, two different samples of pristine nanotubes and 
polymer-modified nanotubes were prepared separately as thin films.  The films were 
formed by drop coating a clean silicon wafer with a drop of nanotube suspensions and 
drying at 80 oC.  This process was repeated for each sample at least 10-15 times to give a 
rather thick film.  The Raman measurements were carried out on a Jobin Yvon micro-
 
38 
Raman system (Ramanor U1000, Instruments SA, USA) using a spectra-physics Argon-
ion laser at an excitation wavelength of 514.5 nm (2.41 eV). The back-scattered data 
were analyzed using a double-gating spectrometer and collected using a Hamamatsu 
photomultiplier (R 943-02, Hamamatsu, USA).  All measurements were taken at room 
temperature and for each sample the Raman data was collected at different light spots on 
the sample surface.  For every Raman spectrum taken, the position of the peaks was 
verified by calibrating the spectral positions with respect to silicon substrate peak at 521 








Thickness of films was determined using a commercial ellipsometer (J. A. Woollam 
Co., Inc., NE) at 600.59 nm and 1075.7 nm wavelengths and at 75o incidence angle.  The 
minimum thickness measurable using this ellipsometer was 5 nm and the maximum was 





























As we have mentioned before, because of the synthesis conditions at which SWNTs 
are produced, pristine nanotubes exist as bundles of multiple individual nanotubes which 
makes it hard to dissolve these materials in aqueous solutions.  Mixing a sample of 
pristine nanotubes in water/DMF solution results in the formation of a non-uniform 
mixture of nanotubes bundles that suspend randomly in the solution as shown in Figure 
3-1A.  This solution soon starts to precipitate (not shown) as the nanotube bundles start to 
agglomerate in the absence of a force stronger than the van der Waals forces that govern 
their bundling.  The addition of poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-
vinylpyridinium bromide-co-4-vinylpyridine) polymer solution (see experimental 
section) into the nanotubes/water-DMF mixture and sonicating briefly results in the 
formation of a uniform suspension of nanotubes as shown in Figure 3-1B.  The solution is 
quite dark black in color which indicates the separation of nanotubes aggregates and 
bundles and the uniform dispersion of individual nanotubes in the solution.  This 
suspension was proven stable over months without completely aggregating 
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or precipitating.  This procedure of obtaining stable nanotubes suspension by simply 
adding the polymer to the nanotubes mixture is quite straightforward and non-
complicated way compared to other proposed approaches in literature [34-37,148-150], 
which makes quite attractive way to form dispersions of nanotubes [54].   
Many polymers and surfactants have been reported in literature as surface modifying, 
stabilizing, and dispersing agents for single-walled carbon nanotubes as was reviewed in 
chapter one [41-52].  The choice of poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-
4-vinylpyridinium bromide-co-4-vinylpyridine) polymer here serves well the objectives 
compromised of the work presented in this study.  This polymer was engineered to a 
structure in such a way that its amphiphilic (hydrophobic and hydrophilic) nature 
contributes both to the functionalization and the formation of stable dispersions of 
nanotubes [54].  The resulting nanotubes dispersion is very essential for the layer-by-
layer films construction.  Additionally, the fact that this polymer possesses positively 
charged hydrophilic groups makes it attractive for biological applications.  Imparting 
positive charges on the nanotubes surface is essential for maximum cells attachment and 
differentiation since surface properties and surface charge of cell culture substrates 






Figure 3-1.  Suspensions of unmodified pristine single-walled carbon nanotubes (A) and polymer-modified 
single-walled carbon nanotubes (B). 
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Careful inspection of the attachment of the polymer to the nanotubes was obtained 
using high-resolution transmission electron microscopy (HRTEM).  Figure 3-2 represents 
a HRTEM image of pristine nanotubes as received from the source and prior to 
purification and polymer modification.  As can be seen, all the nanotubes exist as bundles 
(notice the arrows) of many individual nanotubes of variable widths in the 15-20 nm 
range depending on the number of individual nanotubes in each bundle (can reach 50 
tubes in one bundle).  The dark spherically shaped objects seen in the image represent the 
catalyst impurities (Ni or Y) and/or amorphous carbon that exist in the sample as a result 
of the synthesis process.   
By treating the nanotubes with hydrochloric acid (see experimental section), the 
metal catalysts impurities existing in the sample can be oxidized and then easily washed 
out of the nanotubes sample.  This hydrochloric acid treatment is an established way to 
purify nanotubes from metal catalysts without destroying their structure [30].  Figure 3-
3A shows a high-resolution TEM image of nanotubes following their purification and 
after surface modification with poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-
vinylpyridinium bromide-co-4-vinylpyridine) polymer.  No metal catalysts can be seen in 
this image after purifying the nanotubes.  Compared to the as received pristine nanotubes 
(Figure 3-2), this image shows an individual single-walled carbon nanotube with almost a 
monolayer coating on its surface.  This coating is attributed to the polymer which tends to 
attach to the hydrophobic surface of the nanotubes.  The polymer layer is rather uniform 
and extends along the nanotube length.  This indicates the ability of this polymer to form 
elongated structural arrangements around the nanotubes via most probably its 
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hydrophobic groups which could explain its ability to disperse and stabilize the nanotubes 
in solution [54].  The observed nanotube in the image has a diameter of nearly 1.21 nm as 
determined from the section analysis (Figure 3-3B), which agrees with the average 
diameter provided from the source (approximately 1.2 nm).  The net diameter of the 
polymer-coated nanotube is 3.06 nm indicating a polymer layer of approximately 0.925 
nm thickness.  This value nearly matches the thickness of a polymer monolayer, which is 
0.8 nm, estimated on the basis of the molecular geometry of the polymer assuming the 













Figure 3-3.  (A) HRTEM image of nanotubes following their purification and surface modification with 
poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-vinylpyridinium bromide-co-4-vinylpyridine) 
polymer.  The red dots indicate the boundaries of an individual nanotube of diameter 1.21 nm as shown in 
the section analysis (B), whereas the green dots indicate the boundaries of the polymer-coated nanotube 






Atomic force microscopy has also been assigned to provide supporting insights about 
the size and length of nanotubes.  Figure 3-4A illustrates an AFM image taken from a 
sample of polymer-modified nanotubes.  The image shows the presence of two 
individually existing single-walled nanotubes of length approximately 250-400 nm.  
Section analysis of one of the shown nanotubes indicates that the diameter of the 
nanotubes is approximately 2.506 nm as shown in Figure 3-4B.  This value represents the 
diameter of an individual single-walled carbon nanotube coated with the polymer if to be 
compared with that value obtained from the HRTEM image (Figure 3-3B) which was 
3.06 nm.  The thickness value of the polymer-coated nanotube obtained from the AFM is 
less than that obtained from the HRTEM.  This disagreement is mainly due to the 
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difference in the resolution of the two instruments.  It can also be explained as a result of 
a difference in the two individual nanotubes captured in both images where the diameter 
of that nanotube observed in the AFM possibly differs from that observed in the 
HRTEM.  The value obtained from the HRTEM image represents a more accurate value 
than that obtained from the AFM image due to the possibility that the AFM tip might 
have altered the real thickness of the polymer layer as it presses against the polymer 
coating when it scans across the nanotube.  The tip could have also altered the structural 
arrangement of the polymer on the nanotube surface causing by that a shift of the 
polymer during the scanning process.  However, the AFM image provided a second 
microscopic evidence of the effect of the polymer on the nanotubes breaking their 








Figure 3-4.  (A) AFM image taken from a sample of nanotubes after modification with the polymer.  (B) 
Section analysis of one of the shown nanotubes indicates that the total diameter of the polymer-coated 
nanotube is approximately 2.506 nm. 
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Both the HRTEM and the AFM measurements presented strong evidence on the 
presence of single individual nanotubes after the surface modification with the polymer.  
The HRTEM image showed a uniform polymer coating around the nanotubes and 
provided accurate quantitative information about the diameter of individual nanotubes 
and the thickness of the polymer layer.  In order to gain insights about the mode of 
interaction of polymer with nanotubes, both absorption and Raman scattering 
spectroscopic techniques were utilized for this purpose.  Both are proven techniques for 
probing the electronic and structural properties of single-walled carbon nanotube [55,70].   
Figure 3-5 shows background corrected UV/Vis/NIR absorption spectra of 
unmodified pristine nanotubes (Figure 3-5, black line) and polymer-modified nanotubes 
(Figure 3-5, red line).  By inspecting the pristine nanotubes spectrum, three broad bands 
are noticed.  Two dominant bands are seen at namely 1058 nm and 1833 nm and one 
broad band is seen at 720 nm.  The band at around 1833 is seen at around 0.67 eV as 
shown in Figure 3-5 inset.  This energy value corresponds to transition energy between 
the first pair of van Hove singularities (v1s→c1s) in semiconducting nanotubes [154].  
Similarly, the band seen at 1058 nm has also been assigned to semiconducting nanotubes 
and is observed at around 1.2 eV (Figure 3-5 inset) energy value corresponding to 
transition between the second set of van Hove singularities (v2s→c2s) [154].  The band 
seen at 720 nm appears at ca 1.7 eV in Figure 3-5 inset and corresponds to transition 
between the first set of van Hove singularity in the DOS of metallic nanotubes (v1m→c1m) 



























Figure 3-5.  Absorption spectra of pristine nanotubes (black line) showing bands resulting from transitions 
between van-Hoov singularities at various positions which remain conserved at the same positions after the 
modification with the polymer (red line).  Inset shows the same absorption spectra in eV energy units after 





indicated that three observed absorption bands come from three different nanotubes with 
almost the same diameter of 1.3-1.5 nm.  The band at 1.7 eV appearing from transition in 
metallic nanotube is predicted to be generated from a (10,10) metallic nanotube [154].  
The absorption spectral features are preserved after the polymer modification (Figure 
3-5 red line).  No noticeable alterations in the absorption bands were seen in the polymer-
modified nanotubes spectrum where the same number of absorption bands were observed 
at almost the same spectral positions and same spectral bandwidth.  One would expect 
that these van Hove transition bands would be significantly altered or even disappear if 
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the polymer were covalently attached to the nanotubes [35-36,39-40,70].  However, this 
was not the case here which indicates that there is no electronic interaction between the 
polymer and the nanotubes and there is no disturbance of nanotubes electronic structure 
as a result of polymer modification.  This leads to the conclusion that the polymer is not 
covalently bonding to the nanotubes.  This leaves two possibilities of that the polymer is 
either electrostatically interacting with the nanotubes surface or physically adsorbing to 
their surface.  The former possibility of electrostatic interaction is excluded here since the 
surface of the nanotubes is uncharged which leaves us with the other possibility of 
hydrophobic interactions between the polymer and nanotubes.  This is rather expected 
knowing the nature of the polymer chemical structure.  The presence of both backbone 
and side chain hydrophobic groups on the polymer (see Figure 2-1) can both contribute to 
the hydrophobic interactions with the hydrophobic surface of the nanotubes.  However, 
we have recently reported that it is the side chain hydrophobic groups that most probably 
contribute to the attachment of polymer to the tubes surface [54].  A number of similar 
polymers with no backbone hydrophobic groups or with short length backbone 
hydrophobic groups failed to interact strongly with the nanotubes and failed to disperse 
them in solution [54].  The argument that the polymer is hydrophobically interacting with 
the nanotubes surface is in agreement with the HRTEM observations where it was seen 
that the polymer forms a monolayer coating on the nanotubes surface (see Figures 3-3).  
Similar absorption observations have also been reported before with other different 
polymers and surfactants [48,156].  
Observing no changes in the absorption spectrum of polymer-modified nanotubes 
excludes the possibility of nanotubes doping via polymer attachment which otherwise 
would reflect on the observation of major alterations in, possibly, the position of the 
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transition bands [155].  This is concluded from solution-phase absorption measurements 
conducted before, where it was seen that the absorbance linearly depends on the 
concentration of nanotubes in solution whereas this absorption signature remains 
unchanged with variations in polymer concentration in solution [54].   
Valuable insights about the polymer mode of interaction with the nanotubes were 
further obtained utilizing Raman spectroscopy.  The laser excitation energy used in the 
study was 2.41 eV (514.5 nm wavelength of Ar+-ion laser) which falls in the energy 
window of semiconducting nanotubes that will be mostly in-resonance with this 
excitation energy.  Figure 3-6 shows the Raman spectra of single-walled nanotubes both 
before (pristine) and after functionalization with the polymer.  Two main RBM bands are 
observed in the pristine spectrum at namely 148.2 cm-1 and 165.3 cm-1 spectral positions 
(Figure 3-6 inset A).  Employing equation 1-5, the diameter of the resonant nanotubes 
giving rise to these two RBM bands can be calculated as 1.65 nm and 1.46 nm for the 
first RBM band (at 148.2 cm-1) and for the second (at 165.3 cm-1), respectively.  The 
dominant nanotubes diameter is 1.46 nm since the intensity of the corresponding RBM 
band is the highest (inset A).  The diameter value falls in the range of diameters (1.3-1.5 
nm) predicted from the absorption bands for probably a semiconducting nanotube [154].  
By carefully inspecting the radial breathing (RBM) region after the incorporation of 
the polymer, it is noticed that the overall intensity of the RBM bands decreases in the 
polymer-modified nanotubes spectrum (Figure 3-6 inset A).  A difference in the shape of 
the RBM pattern is also noticed where the RBM bands become less resolved and a new 
weak band appears at around 156.5 cm-1 that was not seen in the pristine spectrum (see 
inset A).  The most evident difference noticed in the spectrum of polymer-modified 
nanotubes is the upshift in the RBM bands compared to those in the pristine nanotubes 
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spectrum.  The set of RBM bands is seen to upshift by 10-15 wavenumbers after the 
polymer is added to the nanotubes.  The observed decrease in the intensity of the RBM 
bands in the modified nanotubes spectrum can be attributed to the decrease in the 
resonance effect as those nanotubes get debundled as a result of polymer attachment to 
their surface [63].  The presence of the positively charged moieties of the polymer on the 
surface of the nanotubes causes the bundled nanotubes to break apart as a result of 
polymer intercalation between adjacent nanotubes powered by electrostatic repulsion.  
The debundling effect brings different nanotubes in resonance that were not in resonance 
before the polymer modification which explains the appearance of the new RBM band at 
156.5 cm-1 in the polymer spectrum.  The observed upshift in the RBM region after the 
modification of the nanotubes with the polymer cannot be interpreted as a consequence of 
the debundling of the nanotubes.  According to the HRTEM image (Figure 3-3), the 
polymer was seen to form a layer coating extending along the nanotube length.  This 
attachment was concluded to be via hydrophobic interactions between the polymer 
hydrophobic groups and the hydrophobic surface of the nanotubes according to the 
absorption measurements (Figure 3-5) [54].  The observed upshift in the RBM Raman 
bands of polymr/nanotubes sample can be thus explained as a result of increase in the 
stiffness of the RBM modes vibrations.  This can only be the case if the polymer is 
actually wrapping around the nanotubes forming a monolayer as seen from the HRTEM 
image.  This is a logical explanation as the polymer wraps around the nanotube surface, it 
imposes a physical strain on the carbon atoms that acquire more energy of vibration in 
the radial direction which causes the observed Raman shift [54].  These observations are 
analogous to those reported before when nanotubes are coated with organic polymers 
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Figure 3-6.  Raman spectra of pristine unmodified single-walled carbon nanotubes (black line) and 
polymer-modified nanotube (red line) averaged over several scans and baseline corrected.  Insets show the 





A clear trend in the spectral position of the G-band before and after the modification 
with the polymer can also be noticed.  In both spectra, the shape of the G-band is a 
Lorentzian line-shape characteristic of in-resonance semiconducting nanotubes [60].  In 
the spectrum of pristine nanotubes, bands appearing at 1559.5 cm-1 and 1585.7 cm-1 
resulting from the transverse and longitudinal C-C stretching modes, respectively, are 
seen to upshift to 1564.3 cm-1 and 1590.5 cm-1 after the addition of the polymer (Figure 
3-6 inset B).  This seen upshift in the tangential modes of the G-band is a further 
indicative of the polymer wrapping around the nanotubes as was also observed before 
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[48,52].  The strong adsorption of the hydrophobic groups of the polymer to the 
nanotubes surface influences the tangential vibational modes of carbon atoms on the 
nanotube, increasing the stiffness of such modes which explains the observed Raman 
upshift.  This shift is smaller than the shift seen in the RBM bands which indicates further 
the wrapping mode of the polymer around the nanotubes as it exerts more dramatic effect 
on the vibration modes in the radial direction rather than the tangential direction.  In 
addition, a narrowing of the G-band was also noticed in the polymer/nanotubes sample 
(Figure 3-6 inset B).  The presence of the positively charged moieties of the polymer on 
the surface of the nanotubes causes the bundled nanotubes to break apart as a 
consequence of repulsive forces as the polymer interlocates between adjacent nanotubes.  
This reduces the interaction between adjacent nanotubes and causes their debundling 
which explains the band narrowing [48].   
The depressive D-band appearing around 1350 cm-1 is widely accepted as a Raman 
indicative of covalent functionalization of nanotube [33-40].  By examining this Raman 
feature in both pristine and modified nanotubes spectra (Figure 3-6), a slight increase in 
the relative intensity of this D-band to the G-band is noticed in the polymer/nanotubes 
spectrum.  This, however, is quite a small increase compared to what has been reported 
before from covalent functionalization [33-40].  No covalent attachment has taken place 
here as concluded from the absorption observations (Figure 3-5).  Instead the polymer 
wraps around the nanotubes via attractive forces between hydrophobic groups.  This 
wrapping is quite strong (concluded from the large shift of 10-15 cm-1 in the Raman 
RBM bands of polymer/nanotubes spectrum) and it imposes physical strain and 
constraint [157] on the tubes surface that might generate structural defects and might 
increase the degree of disruption in the graphene structure.  This is used to explain the 
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The polymer modification of nanotubes in this study allowed the preparation of stable 
dispersions of nanotubes that manifested their processing into structural composites of 
thin films required for achieving the goals of this study.  Layer-by-layer (LBL) assembly 
was chosen for nanotube thin films preparation.  This method represents one of the most 
effective, simple, and universal methods of preparing thin films of oppositely charged 
moieties [158-159].  Driven by electrostatic attraction between oppositely charged 
electrolytes, the LBL can be simply applied to almost any kind of charged molecules [for 
good review on the LBL method, see Ref. 160].   
In the present study, the LBL was chosen because of a number of advantages this 
method offers over other methods like Langmuir-Blodget and spin coating.  The most 
important advantage is the fact that this LBL approach offers the formation of strong 
nanotube films that can sustain the long-term exposure to cell culture medium which 
usually contains a variety of biological compounds including serum, ions, salts, 
proteins…etc, which are essential nutritions for cells growth.  Illustrating the use of 
nanotube structures for biomedical applications requires the incubation of these materials 
with cells in culture medium, and thus the need for a strong nanotubes film with long 
retention is very necessary and can be easily obtained using the layer-by-layer assembly.  
Additionally, with the LBL method, the dipping sequence between the oppositely 
charged moieties gives rather uniform nanotube films that can be easily characterized for 
 
53 
thickness and conductivity measurements.  Depending on the number of dipping cycles 
(see experimental section), the thickness of the resulting film can be controlled and the 
structure can be engineered to yield a rather strong and a highly conductive structure of 
nanotubes.  Such structural properties are crucial requirements for successful utilization 
of nanotube composites in biomedical applications, and can be manipulated using the 
LBL protocol.  
The sequence of the LBL assembled layers can be roughly illustrated as shown in 
Figure 3-7.  The assembly starts first with a thin layer of the positively charged PDDA 
polyelectrolyte that coats the negatively charged surface of glass substrate.  Due to the 
positively charged surface of the nanotubes, a second layer of negatively charged PAA 
polyelectrolyte is then assembled on top of the PDDA layer forming a negatively charged 
coating that will allow for the deposition of the nanotubes layer.  The nanotubes layer is 
then deposited followed by a layer of PAA polyelectrolyte and the cycle can then be 
repeated as desired until the required number and thickness of layers is obtained.  Figure 
3-8 shows two scanning electron micrographs of two different nanotube films of 1-layer 
(Figure 3-8A), and 10-layers (Figure 3-8B).  The single 1-LBL film of nanotubes can be 
easily distinguished from the 10-LBL film.  By depositing a single nanotubes layer, some 
nanotubes are seen to randomly scatter on the surface displaying some intertube contacts 
and forming bundles as can be seen in Figure 3-8A.  As the deposition of nanotubes 
increases to 10 layers, the morphology of the coated surface becomes totally different as 
observed in Figure 3-8B.  As the nanotube layers are assembled on top of each other, the 
tubes form dense contacts with each other displaying net-like, mats, and wound bundles 
morphologies.  Seen in Figure 3-8B are dark gaped areas which might indicate spaces 
between different layers.  The good intertube contacts formed between nanotubes in 
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elevated layers adds to the strength of the formed film and can be advantageous in 







Figure 3-7.  Schematic illustration of the sequence of layers deposition in the LBL approach.  The blue 
covering indicates the initial PDDA layer followed by the PAA layer (beige covering) followed by the 
nanotubes layer (black lines).  This sequence forms the first layer of nanotubes and the deposition cycle of 
a second layer can start again with a layer of PAA (orange coating) followed by the nanotubes layer (black 






In order to monitor the deposition of nanotube layers, UV/Vis. absorption 
spectroscopy was utilized.  Figure 3-9 shows the change in the absorbance of nanotube 
films as a function of the number of deposited Layers.  Measured at two different 
wavelengths namely 350 nm and 550 nm, the absorbance is seen to linearly increase with 
the number of layers assembled.  This linear increase in the absorbance indicates the 
increase in the concentration of nanotubes loading as more layers are deposited following 
Beer’s law [159].  The thickness of the assembled films was also noticed to increase with 
the number of nanotube layers as can be seen in Figure 3-10.  The thickness of one 
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assembled layer of nanotubes is approximately 23 nm and this thickness increases as 
more layers are deposited.  The thickness of any number of layers can be roughly 
estimated by multiplying the number of layers by the thickness of single layer.  For 
instance, the thickness of 100-layers of nanotubes will be roughly 2.30 µm.   
Further spectroscopic characterization of the nanotube LBL films was obtained using 
Raman spectroscopy.  Figure 3-11 shows a Raman spectrum of 10-LBL nanotube film.  
As seen, the figure shows all the well-known Raman spectral features of single-walled 
carbon nanotubes including the radial breathing modes, the D-band, and the G-band.  
This adds extra advantage to the layer-by-layer process as it preserves the structure and 
spectral properties of the nanotubes even after their incorporation into structural 









Figure 3-8.  Scanning electron microscopic images of 1-LBL (A) and 10-LBL (B) assembled films of 
nanotubes.  The nanotubes randomly exist on the surface after the deposition of a single layer (A),whereas 
more layers deposition increases the amount of nanotubes loading onto the surface inducing more intertube 

















































Figure 3-10.  Increase of films thickness (determined from ellipsometry measurements) as the number of 
deposited nanotube layers increases. 
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Figure 3-11.  Raman spectrum of 10-LBL nanotubes film showing all the known Raman features of 










The successful utilization of single-walled carbon nanotubes strong mechanical 
properties, flexibility, and good conductivity in biomedical applications depends 
exclusively on how biocompatible these materials, or their based structures, are and how 
they impact living cells.  In order to address these issues, this study presents an in-vitro 
investigation of the biocompatibility of the polymer-modified single-walled carbon 
nanotube composite LBL films applied on the target cells NG108-15 neuroblastoma-
glioma hybrid culture line.  These cells were produced originally by virus generated cell 
fusion of mouse neuroblastoma cells N18TG2 and rat glioma cells C6-BU-1 [161-162] 
forming the hybrid cells NG108-15.  The resulting baby cells of the hybrid shown in 
Figure 3-12 -which represents an SEM image of dividing small NG108-15 cells after 
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one-day growth in full culture medium- contain chromosomes of both parental cells and 
exhibit combined properties of the original cells as will be discussed in following 
paragraphs.  For the present study, NG108-15 cells were chosen because they represent a 
good neuronal model system for in-vitro studies as they exhibit many neuronal 
characteristics of mammalian nerve cells [142].  They exhibit large contact areas and 
ability to extend long neurites that would facilitate their attachment to the nanotube 
substrates and would allow the characterization of their growth and differentiation on the 
nanotubes surface.  Being a neuron-like, these cells possess voltage and ion membrane 
channels that make them easily excitable and capable of generating action potentials 
[163-167].  Using the nanotube structures as substrates, the membrane potential of these 
cells can be stimulated and detected which would provide a better understanding (under 
many physiological conditions) of the biology and chemistry of these living cells in 







Figure 3-12.  Scanning electron micrograph of dividing baby NG108-15 cells after 1-day growth in full 
culture medium (consisting of %90 DMEM, %10 FBS, HAT, Penicilin/Ctreptomycin). 
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The hybrid NG108-15 cells usually exhibit cell morphological changes during the 
period of their growth.  Being an adherent type of cells, they tend to attach to the surface 
of the culture substrates and to each other.  Once they are seeded on the culture substrate, 
they attach to it within minutes and start to divide.  Figure 3-13A shows a confocal 
microscopic image of NG108-15 cells after 1-day growing in a full culture medium 
consisting of %90 DMEM, %10 FBS, HAT, Penicilin/Ctreptomycin.  The image shows a 
low density cells number well in contact with each other.  These cells, when fully grown, 
have a round shape with average surface area of approximately 7500 µm2 and can even 
reach up to 75000 µm2.  Similar surface morphology is also noticed when these cells are 
dividing where they also assume circular shapes as shown in Figure 3-12.  Noticed from 
Figure 3-13A, is the presence of neurites and branches extending out of these cells 
bodies.  These neuronal processes, when cells are not differentiated, extend over short 
distances ranging from 10 µm to 100 µm or slightly longer.  They represent a passageway 
of communication between neighboring cells and help anchor the cells to the substrate 
surface as they contain attaching proteins necessary for the cells attachment.  After 3-4 
days of culturing time, these cells are noticed to increase in number as shown in Figure 3-
13B.  They continuously divide and proliferate increasing their number to a confluent 
density that calls for subculturing, which is usually done every 4-5-days.  In the 
subculturing process, the cells layer is detached from the bottom of the culture flask and 
the cells are seeded at very low density in new flasks and the growth process starts again.  
This is necessary in order to maintain a viable continuous cell line which otherwise 
would decline if the cells are kept at very high densities without subculturing.   
When growing NG108-15 cells in a serum free medium, the absence of serum 
inhibits the proliferation of the cells and induces their differentiation [144].  When 
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differentiated, these cells usually undergo some morphological developments over the 
course of just a few hours.  These include the flattening of the cell body followed by the 
generation of many spine-like branches from the cells membrane.  The cells then start to 
extend neurites whose length can reach up to more than a millimeter and increases with 
the length of the incubation period [168].  Figure 3-14 illustrates a confocal image of 
differentiated NG108-15 cells after incubating them for 7-days in serum-free medium.  
The differentiation of these cells in the figure is characterized mainly by the existence of 
one or more elongated neurites extending from the cell body over an average length of 
400-500 µm.  From these neurites, many branches and axons emerge that can extend over 
long distances on the surface.  The higher number of neurites and branches extending 
from the cells and the longer these neurites are, the better and more enhanced the cell 








Figure 3-13.  Confocal microscopy images of low density NG108-15 cells after 1-day incubation (A) and 





Figure 3-14.  Confocal microscopy image of differentiated NG108-15 cells after 7-days incubation in 
serum-free medium.  The image shows well-differentiated cells characterized by the presence of long 
neurites and many neuronal processes.  Cells were dyed with a lipophilic neuron tracer 






Prior to using the NG108-15 cells on the surface of nanotube structures, their growth 
and viability were first monitored.  Figure 3-15 illustrates the cell density as a function of 
the number of culture days.  As noticed, the number of cells is seen to increase 
exponentially over more than 100-days in culture.  The doubling time of this type of cells 
is usually 18-20 hours [142].  After 10-days in culture, the number of cells was seen to 
sharply increase reaching up to a million cells per milliliter.  After reaching the 40th day 
in culture, the cell density was seen to increase to two million cells per milliliter, and 
continued to increase slightly within this range.  This continuous increase is an indication 
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of cells viability and culture line continuity, which are important for reliable in-vitro 
studies.  Cells were used in most of our experiments in their confluent state after at least 
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Figure 3-15.  Exponential increase in cells density with the number of days in culture indicating confluent 










To study the biocompatibility of the polymer-modified nanotube based films and 
long-term viability and survival of cells on their surface, cells were incubated with three-
nanotube LBL films, namely 1-, 5-, and 10-layers, in full culture medium at 37 oC and 
were examined after 3-days, 5-days, and 10-days incubation time.  Figure 3-16 shows 
confocal microscopy images of NG108-15 cells cultured on the surface of the three 
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nanotube LBL films after 3-days and 10-days incubation.  Viable cells are distinguished 
by their continuous intracellular esterase activity.  This activity is determined by the 
enzymatic conversion of the non-fluorescent cell-permeant calcein into a strongly 
fluorescent calcein that gets retained within live cells giving rise to green fluorescence 
(515 nm) when excited at 488 nm.  Dead cells, on the other hand, are recognized by their 
red fluorescence produced by Ethidium Homodimer EthD-1 dye which enters cells with 
destroyed membrane and attaches to their nucleic acids and remains, on the other hand, 
excluded from those cells with intact membrane.  As can be seen from Figure 3-16, a 
large number of the cells give green fluorescence indicating their viability on the surface 
of all the used nanotube films even after 10-days of incubation.  Closer analysis of these 
images can give quantitive insights on the percentage of live cells on the different 
nanotube films.  A histogram illustrating the percentage of live cells after 3-, 5-, and 10-
days incubation with the nanotube substrates is presented in Figure 3-17.  A total of two 
thousand random cells were counted in each sample from multiple spots on the LBL 
substrate surface.  After 3-, and 5-days incubation of the cells, it was seen that almost 95-
98% of the cells were live cells (identified by their green fluorescence in Figure 3-16) 
and only 2-5% of the cells were dead cells (identified by their red fluorescence in Figure 
3-16) on the surface of all the films.  After a longer incubation time of 10-days, more 
than 94% of the cells remained alive on top of the nanotube films.  A 10-days period is a 
quite sufficient time for most of the in-vitro studies which are, usually, conducted over 
few days only (1-3 days).  This is an important observation as it indicates that the 
polymer-modified nanotube based LBL films support the long-term viability, and the 
survival of NG108-15 hybrid cells.  The ability of these cells to remain viable on the 





Figure 3-16.  Confocal microscopy images of NG108-15 cells cultured on the surface of 1-LBL (A & D), 
5-LBL (B & E), and 10-LBL (C & F) nanotube films after 3-days incubation (A, B, C) and 10-days 
incubation (D, E, F).  Viable cells are recognized by retaining fluorescent calcein dye (Molecular Probes 
L3224) giving rise to green fluorescence and those dead cells are recognized by their red fluorescence 
produced by Ethidium Homodimer EthD-1 dye (Molecular Probes L3224).  All scale bars are 80 µm. 
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Figure 3-17.  Percentage of live cells after 3-days, 5-days, and 10-days incubation with 1-LBL, 5-LBL, and 
10-LBL nanotube films.  A total of 2000 cells were counted randomly in each case and those cells giving 






attachment and growth on these nanotube-based substrates surface because of their 
adherent property which is a key requirement to their survival [142].  This is suggestive 
of the non-toxicity of the polymer-coated nanotube LBL films to this particular type of 
cell culture line [169].  No appreciable difference in the ratio of survived cells was 
noticed between the three nanotube films used, which indicates that the viability and the 
survival on these cells is independent on the umber of assembled nanotube layers.   
In order to examine the feasibility of using nanotube LBL films as culture substrates 
for neuronal growth, we monitored the growth of NG108-15 cells on different nanotube 
films after 3-days of incubation in full culture medium.  Figure 3-18 shows confocal 






Figure 3-18.  Confocal microscopy images of NG108-15 nerve cells grown on the surface of 1-LBL (A), 5-
LBL (B), and 10-LBL (C) nanotube films after 3-days incubation period.  Cells were dyed with a lipophilic 







were first labeled with a lipophilic Dialkylcarbocyanines (DiI) dye (Molecular Probes 
V22885) that emits red fluorescence when excited at 488 nm.  This dye is a neuronal 
tracer as it has the ability to diffuse through the membrane of live cells and trace along 
their neurites so that their surface morphology and growth can be easily monitored.  We 
have inspected the cells at multiple spots on the surface of each nanotube film and almost 
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all the cells were seen to give red fluorescence indicating their viability (since the used 
dye attaches to live cells only) and the surface homogeneity of the nanotube films.  The 
cells were seen to grow in an equal fashion on the surface of 1-, 5-, and 10-LBL nanotube 
films without any noticeable differences (Figure 3-18).  On all the nanotube substrates 
used, the cells were seen to have almost round shapes and were seen to extend out 
neurites attaching to the substrate surface.  Some cells appeared more grouped next to 
each other than isolated.  These are basically cells that are in the process of division on 
the surface of the nanotubes (see Figure 3-18).   
To gain a better outlook at the cells growth on the surface of the nanotube films, 
scanning electron microscopy was employed.  Shown in Figure 3-19 are SEM 
micrographs of NG108-15 cells on the surface of 1-, 5-, and 10-LBL assembled nanotube 
films.  The shown cells are dead cells that were fixed directly following the third day of 
incubation with the nanotube films.  The illustrated cells have round morphological shape 
characteristic of healthy, well-grown cells.  Images shown in Figure 3-19 (A, C, and E) 
captured cells at the moment of proliferation where small immature cells are seen 
generating from larger ones similar to those cells growing on a typical culture dish as was 
shown in Figure 3-12.  Figure 3-19 (B, D, and F) show higher magnification images of 
two cells right at or following the moment when they are dividing from each other.  
These images also show the tendency of these cells to extend neurites and small branches 
in a way to attach to the surface of the nanotube LBL films.   
Both presented confocal and SEM images give strong evidence on the 
biocompatibility of the prepared LBL films of polymer-modified nanotubes.  The ability 
of the cells to grow on the films surface by attaching to it, dividing, and proliferating 
indicates their ability to carry out some of their most important natural processes on the 
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surface of the assembled nanotube films.  This is a very strong demonstration of the 
possibility of using such single-walled carbon nanotube based composites as structural 








The differentiation of NG108-15 cells is quite essential for electrophysiological 
investigations.  When differentiated, these cells usually exhibit highly excitable 
membranes whose potential can be easily stimulated and detected [164].  The 
differentiation of NG108-15 cells on the surface of nanotube structural composites is, 
thus, of special importance if single-walled carbon nanotube structures are to be used as 
stimulating materials of such neuron-like cells as will be demonstrated in a later section 
of this thesis.   
In this section, we discuss the differentiation of NG108-15 cells on the surface of 1-, 
5-, and 10-LBL nanotube films.  Cells differentiation was induced by incubating the cells 
with the substrates in serum-free culture medium.  Figure 3-20 shows confocal images of 
differentiated NG108-15 cells taken after 7-days incubation with 1-LBL (A-B), 5-LBL 
(C-D), and 10-LBL (E-F) nanotube films.  Incubation for 7-days period is usually 
sufficient time for achieving good cells differentiation.  Comparing these images with 
those of cells grown on nanotube films for 3-days in full medium (Figure 3-18), we 
notice a remarkable difference in the morphology of the cells.  The cells are seen to 
exhibit enhanced neurites formation on the surface of all nanotube films accompanied 








Figure 3-19.  Scanning electron micrographs of NG108-15 nerve cells captured as the cells were dividing 
on the surface of 1-LBL (A-B), 5-LBL (C-D), and 10-LBL (E-F) nanotubes films after 3-days incubation.  
Images B, D, and E represent high magnification images captured at the moment of two cells dividing from 








Figure 3-20.  Confocal microscopy images of differentiated NG108-15 cells taken after 7-days incubation 
with 1-LBL (A-B), 5-LBL (C-D), and 10-LBL (E-F) nanotube films in serum-free medium.  Images B, D, 
and F show single cells (indicated by arrowheads) with strong differentiation.  All scale bars are 80 µm. 
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These neurites are seen to extend over long distances on the surface averaging 200-500 
µm in length and reaching up to 700 µm or more in maximum length in some cases.  
Cell-to-cell contacts via the formation of neuronal synaptic contacts are also noticed in 
Figure 3-20.  Single individual cells by themselves can illustrate maximum differentiation 
as shown in Figure 3-20(B, D, F) for cells indicated with arrowheads.  These cells are 
seen extending one or two main neurites over long distances.  From these main neurites 
extends many neuronal processes that are also seen spreading into many other branches 
as can be seen particularly in the cell shown in Figure 3-20B on the 1-LBL nanotube 
film.  The cell shown in Figure 3-20(F) is noticed to undergo some morphological 
developments upon differentiation on the surface of 10-LBL nanotube film.  This cell 
appears flat with irregular non-round shape with large area.  It is also seen to extend 
many processes from its membrane.  This cell seems to have reached high level of 
differentiation as compared to other cells adhered to the surface of 1-LBL, and 5-LBL 
films which appeared round with smaller size as shown in Figures 3-20(B) and (D), 
respectively.   
Better observations of the morphological changes induced in the NG108-15 cells 
upon differentiation on the nanotube films were obtained using scanning electron 
microscopy.  Cells were differentiated on the nanotube substrates and fixed after 7-days 
incubation with the nanotube films.  Seen from Figure 3-21, the SEM images show well-
differentiated cells on the surface of 1-LBL (Figure 3-21A,B), 5-LBL (Figure 3-21C,D), 
and 10-LBL (Figure 3-21E,F) nanotube films.  Long elongated neurites are seen extended 
and branched on the surface of all the used substrates.  Following a single neurite along 
the surface, we notice that it exhibits many junction points along its length where it 







Figure 3-21.  Scanning electron microscopy images of differentiated NG108-15 cells taken after 7-days 
incubation with 1-LBL (A-B), 5-LBL (C-D), and 10-LBL (E-F) nanotube films in serum-free medium.  
Images A, C, and E show many neurites and branches generated by differentiated cells forming neuronal 
network on the surface of the nanotube films.  Images B, D, and F are high magnification images of 
individual differentiated cells. 
 
73 
seen to create another generation of neurites that branch into another generation of 
neuronal processes or terminate at another cell.  A closer look at the extended neurites 
shows their interaction with the surface of the nanotube films by attaching to it and by 
extending small spinelike processes that terminate at the surface as can be seen in the 
high magnification images shown in Figure 3-21 (B, D, F).  To better illustrate this, 
Figure 3-22 shows a single neurite on the surface of 10-LBL nanotube film.  As can be 
seen, the neurite is terminated with many branches that appear extending along the 
surface.  No nanotubes shadow is observed in this figure.  This is resulting from a layer 
of culture medium components that covers the nanotubes especially after a long 
incubation for 7-days and despite the thorough rinsing of the substrates with buffer prior 
to cells fixation.  This appears as a debris layer that prevents the direct observation of the 
nanotubes on the surface.  A shadow of the nanotubes could only be seen at locations 
where this debris layer is stripped or cracked on the same sample as seen in Figure 3-23.  
Careful examination of Figure 3-22 reveals that some of the branches extend though the 
substrate surface.  The assembled nanotube LBL composite consists of mainly alternating 
layers of PAA polyelectrolyte and modified nanotubes with the last deposited layer being 
a nanotube layer.  It is predicted, thus, that the NG108-15 cells interact with the substrate 
surface by attaching neuronal processes to the assembled layer of positively charged 
polymer-coated nanotubes as PAA polyelectrolyte is known as a repellent to cell 
attachment [170].  A more convincing physiological evidence of cells contact with the 
nanotubes LBL composite will be presented later in this thesis.   
The illustrated confocal (Figure 3-20) and SEM (Figure 3-21) images suggest that 
regardless of the number of assembled nanotube layers, the polymer-modified nanotube 





Figure 3-22.  High magnification SEM image of differentiated neurite terminated with a number of 







Figure 3-23.  High resolution SEM image showing a shadow of nanotubes present behind the debris layer 
seen in Figure 3-22. 
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cells.  Generally, the surface properties of the cell culture substrates play an essential role 
in determining the degree of cells differentiation [142,152-153].  The observed changes 
in the morphology of the neuron body of some NG108-15 cells, and their ability to 
extend many long neurites and branches on the nanotube substrates, all indicate good 
cells differentiation induced on the surface of all the used LBL films [168].  This is 
indicative of good interaction between the NG108-15 cells and the surface of the 
nanotube films.   
To further illustrate the relation between cells differentiation and the substrates 
surface, we have carefully examined the neuronal elaboration of the NG108-15 cells as a 
function of surface properties of 1-LBL, 5-LBL, and 10-LBL nanotube films.  As a 
control, cells were differentiated separately on the surface of a standard culture dish 
under the same experimental conditions to those of nanotube substrates in which the 
same number of cells was seeded in all cases.  The used culture dish is negatively 
charged according to the source (Falcon culture dish, Fisher catalog no. 08-772F) and 
studying the differentiation of the cells on its surface gives good insights in comparison 
to cells differentiation on the surface of the positively charged polymer-coated nanotube 
LBL films. 
When examined the differentiation of the cells on the culture dish, we have noticed 
that the majority of cells extend single neurite from their membrane, as shown in Figure 
3-24A.  Only very small percentage of the cells was seen to extend two neurites (%20) 
and three neuritis (%10).  Cells differentiated on the nanotube LBL films, however, 
showed a wider distribution of neurites elaborate branching.  Cells with single neurite 
were seen to dominate the majority of the examined cells on all the three LBL substrates  
with more cells percentage noticed on the surface of 10-LBL as opposed to the 5-LBL 
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and 1-LBL films (see Figure 3-24A).  The overall percentage of cells extending one or 
two neurites was seen to be less for cells on the nanotube substrates than it is for cells on 
the culture dish.  Additionally, the percentage of cells extending three neurites was quite 
higher on the nanotube LBL films than on surface of the culture dish.  None of the 
examined cells were seen to branch into more than three neurites on the culture dish 
substrate.  However, cells on the nanotube substrates were seen to extend up to six 
neurites and even seven in some cases.  The overall average number of elaborated 
neurites per neuron was seen to be higher (statistically significant as determined from 
one-way ANOVA analysis) for cells attached to the nanotube LBL films than on culture 
dish, as can be seen from Figure 3-24B.   
While most of the cells extending one and two neurites were those examined on the 
surface of 5-LBL and 10-LBL films, a higher percentage of cells extending three neurites 
and more was seen on the surface of 1-LBL film compared to the 5-LBL and 10-LBL 
nanotube films, as noticed from Figure 3-24A.  More cells were seen to branch into five 
and six neurites when attached to the surface of 1-LBL film than to the surface of 5-LBL 
and 10-LBL films.  The average number of elaborated neurites per neuron was seen to be 
slightly higher on the 1-LBL nanotube film than on 5-LBL and 10-LBL films, as shown 
in Figure 3-24B.  Although this difference in the neurites number is quite small between 
the three nanotube substrates, it might indicate a slight dependence of the neurites 
elaboration on the number of assembled nanotube LBL films.   
When measured the maximum neurite length, it was seen that NG108-15 cells have 
the potential to extend long processes on the surface of all the used substrates.  Figure 3-
25 shows the maximum neurite length measured from individual cells and averaged over 
a number of studied cells on the surface of the culture dish and nanotube films.  The 
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Figure 3-24.  (A) Distribution of the percentage of cells versus extended neurites number on the surface of 
the used substrates.  (B) Average number of main neurites elaborated per neuron for differentiated NG108-
15 cells on the surface of culture dish, 1-LBL, 5-LBL, and 10-LBL nanotube films.  One-way ANOVA 
analysis was used in B to determine the statistical significance with respect to the control which was the 
culture dish (p<0.0003 and significance level was 0.01).  Error bars in B represent SEM in the 
measurements in each case.  The numbers shown in parenthesis indicate the number of cells counted in 
each case.   
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average of the longest neurite elaborated from the cells on the culture dish surface was 
approximately 155 µm.  This value was higher (statistically significant as determined 
from one-way ANOVA analysis) on the nanotube substrates where it ranged between 258 
µm and 265 µm, with no observed significant difference in the length between the three 
nanotube films.  The longest neurite measured on the surface of the culture dish was only 
400 µm in length and only a very small number (%4) of the examined cells were seen to 
extend such long neurites.  In comparison, neurites branching on the surface of the 
nanotube films were seen to extend over longer distances (500-700 µm) and reached up 
to 700 µm in maximum length (in some cases).   
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Figure 3-25.  Average of longest neurite length per neuron for differentiated NG108-15 cells on culture 
dish, 1-LBL, 5-LBL, and 10-LBL nanotube Films.  The length was measured using ImageJ software and 
was converted from pixels to µm units using the images scale bar as a standard.  In each case, the 
maximum neurite length for each cell was measured and averaged over a number of cells (indicated in 
parenthesis).  One-way ANOVA analysis was used to determine the statistical significance with respect to 
the control which was the culture dish (p<0.025 and significance level was 0.05).  Error bars in B represent 
SEM in the measurements in each case. 
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Both the number of neurites and their length are used here as a measure of the degree 
of NG108-15 cells differentiation, where the higher the neurites number and the longer 
the neurites, the better the degree of differentiation is [168].  Results from both Figures 3-
24 and 3-25 indicated that the overall differentiation of NG108-15 cells is more enhanced 
when the cells are attached to the surface of the polymer-modified nanotube layer-by-
layer films than to the surface of the culture dish.  This is concluded from observing 
higher neurites outgrowth and longer processes on the surface of 1-, 5-, and 10-LBL films 
compared to the culture dish.  The main difference between the nature of both surfaces, 
the culture dish surface and the nanotube films surface, is in the net charge present on the 
surface.  We correlate this difference in surface charge to the observed findings.  Coating 
the substrates with the positively charged polymer/nanotube composites seems to induce 
better cells differentiation by promoting more neurites outgrowth and elaboration.  It is 
believed that this is generated from more surface interaction between the positively 
charged polymer-coated nanotubes and the negatively charged phosphate groups existing 
within the membrane of NG108-15 cells.  On the other hand, the negatively charged 
culture dish was seen to support the growth and differentiation of the cells but to a lesser 
degree than the nanotube substrates which is attributed to less favorable electrostatic 
interactions between the negatively charged dish surface and the membrane of the cells.  
This suggests strongly the effect of surface charge on the differentiation of NG108-15 
cells and favors the use of modified nanotube based substrates, as good permissive 
substrates for neuronal growth and differentiation, over the use of typical culture dishes.  
Our observations agree well with previously reported results [152-153].  Surface charge 
of culture substrates usually plays an integral role in determining the degree of cells 
interaction with the substrate surface.  Manipulating the surface charge of multi-walled 
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carbon nanotube (MWNTs) films was seen before to control the neurite outgrowth of 
Hippocampal culture cells [153].  Better neurites outgrowth characterized by the presence 
of more elaborate neuronal processes and longer neurites length was observed on the 
surface of positively charged MWNTs as opposed to the surface of negatively charged or 
neutral MWNTs substrates [153].   
Although we have noticed no significant difference in the average maximum neurites 
length between the three prepared 1-, 5-, and 10-LBL nanotube films, it was noticed that 
neurite branching occurs at slightly higher number on the surface of 1-LBL nanotube film 
as compared to, mainly, the 10-LBL film (Figure 3-24).  This observed difference in the 
neurite branching is attributed here to the topographical properties of the nanotube films.  
We have seen before that as the number of assembled nanotube films increases, both the 
thickness and the absorbance of the films increase (Figures 3-9 and 3-10).  This was 
directly attributed to the increase in the amount of nanotube loading onto the surface as 
more films are deposited [159].  This is believed to induce some roughness into the 
surface which we have seen from the scanning electron micrographs compared before 
between 1-LBL and 10-LBL films (see Figure 3-8).  Thus a 10-LBL film is expected to 
have more surface roughness than the 5-LBL film which also has more surface roughness 
than the 1-LBL film.  This increase in the surface roughness with the increase in the 
number of assembled films is proposed as a factor explaining the observed decrease in 
degree of neuronal branching with the increase in the number of LBL films (Figure 3-24).  
This is suggestive of NG108-15 neuronal outgrowth preference to smoother surfaces 
rather than to rough surfaces.  Previous studies have indicated the role played by surface 
topography on the degree of neurites branching, where smoother surfaces were seen to be 
more promotive to neuronal outgrowth than rough surfaces [151].  Moreover, it is also 
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possible that the higher nanotube loading (higher thickness) on the substrate surface is 
causing the loss of the cellular autocrine factors.  These factors are usually produced by 
cells for self-stimulation of differentiation or for stimulating the differentiation of other 
neighboring cells.  It is probable that such factors are being absorbed by the multilayers 
of polyelectrolytes and polymer/nanotubes on the surface of the rather thick 10-LBL film 
as compared to the 1-LBL film.  As such, less stimulation of cell differentiation is 
expected on the 10-LBL film which might explain the low degree of cell differentiation 
on this substrate compared to mainly the 1-LBL film.   
These surface properties including the charge, the roughness, and the thickness of the 
nanotube composite film, are considered here to contribute to the process of NG108-15 
neuronal differentiation and neurites outgrowth.  All the three LBL films were seen to be 
very effective and permissive substrates for neuronal differentiation to a degree that 
exceeds that of a typical negatively charged culture dish.  Our results suggest that such 
layer-by-layer films, based on polymer-modified nanotubes, can be engineered to optimal 




Free-Standing Structures of Nanotubes as Supporting Materials of Neuronal 




The observations obtained so far on the growth and differentiation of NG108-15 cells 
on the polymer modified nanotube LBL films strongly suggest the biocompatibility of 
such structures and demonstrate their permissive nature as cell culture substrates 
supporting the long term viability, growth and differentiation of NG108-15 cells.  These 
observations are very important and essential for the further utilization of nanotube based 
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structures in biomedical applications.  Being non-biodegradable materials and owing to 
their high strength (can reach up to 1000 GPa in Young’s modulus which is 60 times or 
more stronger than that of bones), surface-modified single-walled carbon nanotubes can 
be very good base-materials and reinforcing structures of prostheses and can even by 
themselves be used as external implants for treatments of bodily injuries such as neuronal 
injuries, brain injuries, spinal cord injuries, or hip injuries.   
In order to demonstrate such a possible application of nanotubes, we investigated, for 
the first time, the durability of modified single-walled carbon nanotube freestanding 
structures as supporting materials of neuronal differentiation of NG108-15 cells.  To form 
a freestanding structure of the nanotube composites, a freestanding LBL film was first 
prepared by etching a 36-LBL film of nanotubes from the surface of glass substrate using 
%5 hydrofluoric acid and then rolling it into a small elongated nanotube structure.  Figure 
3-26A shows a scanning electron microscopic image of such nanotube fibrous structure 
of approximately 20-30 µm diameter.  Such a structure consists of a large number of 
modified nanotubes that are seen to randomly contact with each other on the surface 
forming net-like arrangements as illustrated in Figure 3-26B.  This nanotube-based 
structure is predicted to have enhanced mechanical and electrical properties resulting 
from the dense contacts between nanotubes, which makes it attractive as extracellular 
implant and neuronal supporting material.   
In order to resemble the implanting process, the formed freestanding nanotube 
structure was placed, unsupported, at the bottom of a typically used culture dish.  Cells 
were seeded in the dish and allowed to differentiate for 7-days in serum-free medium.  
Scanning electron microscopy was used to observe the differentiation of the cells on top 






Figure 3-26.  (A) Scanning electron micrograph of freestanding fibrous structure of single-walled carbon 
nanotubes.  (B) Higher magnification SEM image of the surface of the structure shown in A showing the 
presence of nanotubes exposed on the surfaces 
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single cell is seen resting on top of the nanotube-based structure (Figure 3-27A).  This 
cell is seen to extend one main neurite and few others along the surface.  These neurites 
are seen to develop into many secondary neurites that branch in many directions on the 
surface as noticed in Figure 3-27B.  Many neuronal processes are seen branching from 
these neurites and are seen buried into the supporting surface as better illustrated in 
Figure 3-28, and probably forming contacts with the nanotubes exposed on the surface 
(indicated by arrowheads in Figure 3-27B).  One thing noticed mainly from Figure 3-27 
is that the extension of neurites from cells almost follows the morphological shape and 
curvature of the surface of the nanotube-based structure.  To investigate this further, a 
freestanding film of nanotubes was formed, rolled into the shape of small tube, and then 
stretched slightly to induce topographical elongated curves along the surface in the 
stretching direction, as can be seen from Figure 3-29.  The morphological shape of such 
nanotube structure was seen to contribute to the cells differentiation.  The cell shown in 
Figure 3-29 (indicated by red arrowhead) is seen anchored to the nanotube structure and 
is seen to extend three long neurites on the surface.  Two of these neurites were seen 
extending along the direction of the stretched nanotube structure and were further seen to 
follow the surface curvatures induced by the stretching process.   
The images shown in Figures 3-27, 3-28, and 3-29 strongly indicate the durability of 
the modified nanotube based freestanding structures as supporting platforms for NG108-
15 cells.  The positively charged polymer-wrapped nanotubes present on the surface of 
the freestanding structures illustrated in the figures are believed to form positively 
charged and hydrophobic contact area that facilitates the attachment of the cells.  
Moreover, these images indicated a strong differentiation of NG108-15 cells on the 




Figure 3-27.  (A) Scanning electron micrograph of differentiated NG108-15 cell on the surface of 
freestanding structure of single-walled carbon nanotubes.  (B) Higher magnification SEM image of the cell 
showing elaborated neurites and branches attaching to the surface of the nanotube structure.  Arrowheads in 





Figure 3-28.  High-resolution SEM image showing enhanced differentiation of the cell shown in Figure 3-






between the cells and the surface.  This interaction is essential requirement for nanotube-
based structures to be used as external implants and neuronal repair devices.  The 
dependence of the neurite outgrowth on the surface morphology is seen from the 
extension direction of the neurites that elongate along the morphology of the surface.  
These results are quite impressive and demonstrate, essentially, the possible utilization of 
modified nanotube based structures not only as extracellular implants and prostheses, but 
also as supporting platforms to guide neurite outgrowth and branching.  They also 
demonstrate the possible use of modified nanotube structures as scaffolds for neurites 
regeneration and as platforms for neuronal communication and repair following neuronal 
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related injuries.  The formed nanotube-based structures do not lack the mechanical 
strength.  On the contrary, they posses high strength that exceeds the requirements for 
such type of applications.  The measured tensile strength of the above illustrated 
freestanding structure of polymer-modified nanotubes was found to be 50-70 MPa and 
can even be engineered for ultimate strength.  This favors the use of nanotubes over other 







Figure 3-29.  Scanning electron micrograph of differentiated NG108-15 cells (indicated with red 
arrowhead) extending long neurites along the existing morphological features of a stretched freestanding 
structure of nanotubes. 
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For nanotube-based structures, illustrated in the previous section, to be used as 
platforms for neuronal contacts, their ability to transduce and transmit neuronal signals is 
an essential requirement.  This is demonstrated here, for the first time, where an actual 
communication between these man-made single-walled carbon nanotube materials and 
living cells was established.  Utilizing the good electrical property of nanotubes, the 
conductivity of assembled modified nanotube LBL films was used to stimulate NG108-
15 neuronal cells.   
The layer-by-layer assembly affords the formation of conductive alternating layers of 
modified nanotubes and poly(acrylic acid) [172].  The inter-nanotube interactions within 
a single layer and between nanotubes in alternating layers, allows good contacts between 
nanotubes which are necessary for good transmission of electrical current.  The 
conductivity of the assembled films is predicted to increase as more nanotube films are 
assembled due to the increase in the nanotube loading and consequently the increase in 
their contacts.  To meet our goals, 30-LBL film of modified nanotubes (measured 
thickness of 316 nm) was prepared as a stimulation substrate.  After annealing the 
assembled film at 100 oC for 1-hour, the conductivity of the film on glass substrate was 
39.6 S.cm-1 at room temperature (Table 3-1).  Annealing the nanotube LBL film at high 
temperatures is believed to increase the nanotube film conductivity [172,78].  This could 
be explained as a result of melting the amorphous carbon existing with the nanotubes 
which form resistive impurities to current conduction within the film.  The conductivity 
of the assembled nanotubes film was seen to increase to 127 S.cm-1 (Table 3-1) for a film 
constructed on Indium-Tin Oxide (ITO) coated glass substrate.  The measured 
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Table 3-1.  Measured resistance and conductivity values of the substrates used in the electrophysiological 
measurements.  The thickness of ITO coating as received from the source was 150 nm. 
 
 Resistance Conductivity 
ITO Glass 15 Ω 444000 S.cm-1 
Nanotube Film on Glass 60-100 kΩ 39.6 S.cm-1 
Nanotube Film on ITO Surface 20-30 kΩ 127 S.cm-1 





conductivity of the ITO substrates used in the study was 444000 S.cm-1 (Table 3-1) and 
presumably the conductivity of the nanotube film is enhanced via the ITO conductivity 
when assembling the film on an ITO surface. 
A special substrate design was used in order to, electrophysiologically, investigate the 
interface between the cells and the modified nanotube LBL film, as was shown in Figure 
2-3.  The nanotube LBL film was assembled on naked glass surface existing between two 
conductive ITO-coated surfaces.  The ITO surfaces are used solely as conductive 
electrode-like surfaces where a constant potential difference can be applied and 
maintained across the nanotube LBL film via two silver wires that are connected directly 
to the ITO surfaces (see Figure 2-3).  Cells were seeded and differentiated (in serum-free 
medium) for 5-7 days in a special chamber mounted on the substrate surface.  In order to 
stimulate the cells exclusively via the conductive surface of the nanotube film only, the 
chamber was mounted on the nanotube LBL film assembled on the naked glass surface 
area.  For maximum conduction through the substrate surface, the nanotube film was 
assembled in such a way to bridge the two ITO surfaces (see Figure 2-3).  This 
configuration makes the whole substrate surface conductive with, however, different 
conductivity values at the different coated areas.  In order to estimate the current 
conducted through this conductive surface, a simple model is suggested.  The substrate 
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surface can be viewed as a number of resistors connected in series as sketched in Figure 
3-30(inset).  The resistance values of these resistors are as measured and illustrated in 
Table 3-1.  The equivalent resistance value is 130030 Ω and is found by adding up the 
maximum resistance values (from Table 3-1) of the ITO surface, nanotube LBL film on 
ITO surface, and nanotube LBL film on glass surface in the arrangement shown in Figure 
3-30-inset.  This resistance is used to calculate the current values at different applied 
external voltages.  The calculated current (on the order of nA) is predicted to be 
approximately the current passing through the substrate surface including the nanotube 










































Figure 3-30.  Calculated current that is predicted passing through the nanotube film and used to stimulate 
the NG108-15 cells.  Calculations were based on assuming the various substrate coatings as resistors 
connected in series as shown in the inset.   The equivalent resistance was 130030 Ω calculated by adding 
the maximum resistance values presented in the inset and shown in Table 3-1.  The shaded gray area in the 
inset represents the assembled nanotube 30-LBL film.  
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The prepared conductive LBL film of the modified nanotubes was used to probe cells 
grown and differentiated on its surface.  Electrophysiological measurements were 
conducted using the patch clamping technique.  This technique, developed in 1976, is a 
well established and a proven method to register electrical activities taking place within 
the membrane of cells upon the excitation of that membrane [171].  The principle is 
based on forming a good seal between a patch of a cell membrane and a tip (1 µm 
diameter) of an extremely fine glass pipette that is in contact to an electrode (chloride 
silver) via conductive medium (usually KCl).  A good contact, which holds the key to a 
successful recording of the membrane electrical activity, is usually achieved by applying 
brief suction to the pipette until a giga-seal is formed.  This seal is characterized by the 
formation of resistance on the order of giga-ohm between the membrane and the 
electrode that no current can leak out of this seal.  Currents flowing across the membrane 
can be then sensed using the electrode that transfers the signal to an amplifier and a 
recording system.  A second electrode is typically connected to the amplifier and is 
immersed in the physiological medium as grounding electrode.  The instant the pipette is 
impaled into the membrane and a contact is made, a potential value can be readily 
measured.  This potential is the resting potential of the membrane resulting from the 
potential difference between the inside of the cell, which is naturally more negative, and 
the outside of the cell.  For NG108-15 cells, this resting potential usually ranges from –35 
mV to –65 mV and is mainly determined by the concentration of K+1 ions [173].  Any 
external electrical stimulation of the cells causes distortion of the ionic concentration 
across the cell membrane.  This might lead to less negative membrane potential 
(membrane depolarization) causing the cell to elicit an action potential [142].   
In our study, electrophysiological measurements were carried out in the whole cell 
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patch clamp configuration.  In this configuration, the membrane patch is ruptured by the 
further application of suction into the pipette interior.  This brings the pipette into direct 
contact with the cell interior with low resistance to current and diffusional flow.  
Measurements were carried out in the voltage clamp configuration where the potential 
difference between the cell and the pipette was held constant to -70 mV (which is close to 
the resting potential of the NG108-15 cells) by applying steady current through the 
pipette.  This allowed the accurate detection of flowing currents through the whole cell 
membrane as a response to external stimulation.   
Prior to stimulating the cells externally via conducting current through the nanotube 
film, their electrophysiological response was first examined through stimulation via the 
pipette electrode.  Figure 3-31 shows representative current-voltage trace obtained from 
NG108-15 cells differentiated and attached on top of the assembled nanotube film.  The 
top trace in the figure represents the current response of cells to a +20 mV voltage pulse 
step applied over 50 ms as shown in the bottom trace of the figure.  At the instant the 
voltage is increased from its resting value at –70 mV to + 20 mV, a sharp spike is seen in 
the current trace indicating the current response, nearly 40 nA, of the cell to the sudden 
potential change.  At the tail of this positive spike the current is seen to slightly rise then 
it remained steady over the 50 ms pulse period.  This steady state is a result of no change 
occurring in the 20 mV voltage value over the 50 ms period.  As the potential pulse is 
stepped down to –70 mV, a negative spike is seen followed by a negative tail current.  
This current behavior can be understood by imagining the cell membrane as a 
combination of a capacitor and a resistor connected together.  Applying a voltage to the 
membrane causes an increase in its capacitance known as capacitive charging indicated 
by the observed positive current spike.  When the applied voltage pulse is turned off, the 
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charged membrane starts to discharge through its resistance and the current response 
experiences a sharp decrease as indicated by the negative spike in the current trace shown 
in Figure 3-31.  The observed positive rise in the current into a steady state is an 
indicative of some current activity taking place within the cell membrane which is most 
probably attributed to an outward current through the membrane.  The opposite effect is 
seen when the voltage step is turned off where the current tail was seen to deflect down at 
the end of the negative spike tail (see Figure 3-31).  This current-voltage trace strongly 
demonstrates the good response of the NG108-15 cells indicating that their membrane is 
electrically active and their current response is detectable.  This was an essential step to 






Figure 3-31.  Representative current-voltage traces from NG108-15 cells differentiated on the surface of 
nanotube film in pipette electrode stimulation.  
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To demonstrate the possible stimulation of NG108-15 cells via solely the nanotube 
film, we probed cells adhered directly to the surface of the nanotube LBL film that is 
assembled on the naked glass surface (see Figure 2-3).  For this purpose, an external 
potential was applied across the substrate holding the nanotube film in the arrangement 
discussed before (see Figure 2-3).  This potential creates currents that are predicted to be 
stimulating the cells through the conductive nanotube film (Figure 3-30).  Figure 3-32 
shows three traces indicating current response of NG108-15 cells to various external 
potential values applied over 100 ms periods through the nanotube film.  These currents 
were only measured from cells that exhibited induced differentiation, when viewed under 
the microscope, characterized by mainly the presence of long neurites extended from 
their membrane.  The first noted observation from Figure 3-32 is the similar feature of the 
three traces to that trace shown in Figure 3-31.  At three different applied voltage values 
namely 100, 500, and 1000 mV, an immediate sharp positive spike in the current trace is 
observed the instant the voltage is applied, which is an indicative of capacitive charging 
of the cells membrane.  Discharging of the membrane capacitance is seen when the 
applied voltages are terminated as observed by the presence of the negative sharp spikes 
in the traces.  These observations indicate that the cells are electrically active and respond 
to the electrical stimulation applied via the nanotube film.   
Further examination of Figure 3-32 shows that the current traces at 500 mV and 1000 
mV applied voltages exhibit slightly higher spikes than that at 100 mV.  More 
interestingly, the current response at the tail of the positive spikes is seen to follow an up-
rise that becomes more evident as the external voltage increases.  This is clearly seen in 
the current signal of the 1000 mV applied voltage trace.  These observations are 
considered as an evidence of the good electrical response of the cells to external 
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excitation through the nanotube film and indicate that more stimulation is established as 
higher voltage is applied.  The obtained cells response is attributed to membrane 
activated channels.  Stimulating the cell membrane via the nanotube film is believed to 
activate passive membrane channels that tend to leak current into the cell.  This causes 
slight depolarization of the cell membrane as its potential becomes less negative.  As a 
response, outward current channels, which are usually K+1 channels, get activated to 
hyperpolarize the cell as an attempt to restore the cell’s natural equilibrium conditions 
bringing its potential to the resting value.  These outward currents are detected by the 
penetrating pipette electrode and are believed to be causing the positive deflection in the 
current seen in Figure 3-32 near the tail of the positive spikes.  The deflection is expected 
to be more evident at higher extrinsic voltages as more outward currents get activated and 
detected as was observed from the current-voltage trace at 1000 mV stimulating potential 
shown in Figure 3-32.   
Activation of NG108-15 active membrane channels, which are usually Na+1 and Ca+2 
channels, creates inward currents that induce strong depolarization (cell interior becomes 
less negative) of the cells.  This maximal excitability of the cells leads to the firing of an 
action potential as a fast response of the cell to the strong depolarization.  The occurrence 
of such action potential can be identified in the voltage response traces by noticing 
sudden increase in the potential (indicating strong depolarization) followed by long 
negative deflection in the voltage response over the stimulation period [173, 174].  In our 
case, the results do not indicate such membrane action potential even with high external 
stimulation.  It is believed that the conductivity of the 30-LBL nanotube film is sufficient 
to electrically probe the cells to the threshold point necessary for generating action 
potentials.  The estimated current conducted through the nanotube film inside the cells 
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chamber far exceeds the current values reported before to establish action potential within 
NG108-15 cells [166-167, 174].  Strong cells differentiation is crucial to cells excitability 
[142,173].  It is suggested that the absence of action potential here is related to the 
possibility that the cells did not exhibit the degree of differentiation to the point required 
for firing an action potential [174].  Possibly, the cells probed in our measurements were 
immature enough where the neuroblastomas did not completely develop into neurons.  
Nevertheless, It is of no major concern to us this absence of action potential in our 
nanotubes/cells interacting system since our main goal was achieved.  That is mainly 
demonstrated from the observations of the possible stimulation of the cells via utilizing 
the conductivity of the nanotube LBL film which illustrates the electrical coupling 
between these cells and the modified single-walled carbon nanotubes as Figure 3-32 





100 mV 500 mV 1000 mV
 
Figure 3-32.  Traces indicating the current response of NG108-15 cells to three different external potential 
values, namely 100, 500, and 1000 mV.  The voltages were applied across the nanotube LBL film over 100 
ms time periods.  At least 17 cells were probed for the obtained results.   
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To verify that the above-illustrated stimulation of cells is resulting from actual 
electrical coupling between the modified nanotube assembled LBL film and the NG108-
15 cells adhered to it, electrophysiological measurements were also conducted on cells 
not directly in contact with the nanotube film.  These cells were grown and differentiated 
on the surface of naked glass and were in contact with the nanotube film via the 
electrophysiological medium only.  This was achieved by utilizing the substrate design 
that was illustrated in Figure 2-4.  The cell chamber was mounted on the substrate surface 
in such a way that half of the chamber located on the assembled nanotube film whereas 
the other half located on the treated naked glass surface.  Only those cells adhered to the 
glass surface and not in contact with the nanotube film were used as control cells.  
Stimulation of those cells was established only through the medium.  The application of 
external potential across the nanotube film creates electrical current through the nanotube 
film and into the conductive electrophysiological medium to the cells stimulating their 
membrane.  The electrical response from these cells was compared to that of cells 
stimulated directly through the nanotube film. 
We first studied the cells electrical activity in the absence of external voltage applied 
through the nanotube film but via the application of various voltage pulses through the 
patch clamp pipette and measuring the corresponding current responses.  The IV-
characteristics of cells adhered to glass and those adhered to nanotube film is shown in 
Figure 3-33.  For accurate current measurements, only cells that showed at least 75 MΩ 
membrane input resistance were used for the measurements.  Both groups of cells, those 
adhered to the glass surface and those adhered to the nanotube film surface, with 
relatively similar input resistances (indicated in the figure), expressed interesting 
electrical response.  For both groups of cells, the IV-curves were seen crossing the 
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voltage axis at around –70 mV which corresponds to the adjusted membrane resting 
potential with zero current response at this point (Figure 3-33).  No difference in the 
current behavior below this point was noticed.  As the voltage is varied above its steady 
value of –70 mV, the inside of the cell becomes less negative causing the depolarization 
of the membrane.  Outward currents are thus detected explaining the increase in the 
current response to the increase in the voltage (Figure 3-33).  The measured current 
values were seen higher for cells adhered to the nanotube surface than for cells on glass 
which was mainly evident at high voltage values in the 20-100 mV range.  Higher current 
responses are expected to result from more induced cells stimulation.  This seems to be 
the case here where cells adhered to the surface of the modified naotube LBL film are 
seen to exhibit more electrical response than those adhered to the glass surface.  Similar 
observations were also obtained when the cells were stimulated externally via the 
application of various voltages across the substrate as shown in Figure 3-34.  The 
measured outward current response to the extrinsic voltage was seen to increase as the 
voltage increased.  Greater current values were measured from cells adhered to the 
nanotube film than from cell attached to the glass surface, indicating better cells 
stimulation through the direct coupling with the nanotube film rather than through the 
conductive medium. 
Figures 3-33 and 3-34 presented evidence on the difference in the electrical response 
between cells attached to the surface of the nanotube LBL film and those attached to the 
glass surface.  Both in the absence and presence of external voltage stimulation through 
the substrate, results showed that higher current response is detected from cells when they 
are grown on the nanotube film surface than when they are grown on the glass surface 
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Figure 3-33.  IV-characteristics of NG108-15 cells when stimulated intrinsically through the patch clamp 




















Figure 3-34.  IV-curve comparison of NG108-15 cells stimulated externally on the surface of glass and 
nanotube film.  At least 17 cells were probed for the obtained results.   
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excitability when grown on the surface of the nanotube based substrate than on glass 
only.  The fact that more stimulation of cells is established when cells are excited 
externally via the nanotube film rather than the conductive medium (Figure 3-34) 
suggests that the observed cells electrical response to the externally applied voltage is an 
actual response to stimulation via electric conduction through the nanotube film.  Better 
cells excitability and stimulation via the conductive layers of modified nanotube film can 
be attributed to better cells differentiation which is crucial for higher membrane 
excitability [142].  We have observed before, from Figures 3-24 and 3-25, that cells 
attached to the surface of modified nanotube LBL films exhibit better differentiation than 
cells plated on culture dish [175].  It is believed that this leads to the development of 
more neuron-like cells with more active membrane channels when adhered to the 
nanotube LBL film.  Therefore, those cells are expected to show more electrical activity 
and excitability when stimulated externally through the conductive nanotube LBL film, 
as we have seen.   
Our electrophysiological findings propose, for the first time, a possible electrical 
coupling between the polymer-modified nanotubes and NG108-15 cells.  Conducting 
electrical signals between nanotubes and the cells can be proven important for synaptic 
formation between these neuronal cells or between these cells and other type of cells such 
as muscle cells on the surface of modified nanotube platforms [176].  We have 
demonstrated before the possibility of using modified nanotube freestanding structures as 
reinforcing materials to support and guide neurite outgrowth making them potential 
candidates as extracellular implants.  The fact that these structures possess good electrical 
conductivity adds a great advantage to their use for the desired applications.  Employing 
modified nanotube-based structures as mechano-devices for treatments of neuronal 
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related injuries requires that these devices be capable of conducting neuronal signals after 
the implanting process.  Our results show promising future for potential utilization of 
such modified single-walled carbon nanotube layer-by-layer based structures in 



































Understanding the nature of interfacing inorganic materials, such as single-walled 
carbon nanotubes, with living cells and tissues is very crucial for the successful 
utilization of these materials in biological and biomedical applications.  This study aimed, 
ultimately, at presenting a scientific demonstration of the possible utilization of the 
mechanical and electrical properties of single-walled carbon nanotubes in constructing 
high quality novel structures that can be useful as supporting and stimulating materials 
for neuronal growth and networking of the neuronal model cells NG108-15 culture line.   
Achieving the intended goals of this study depended exclusively on obtaining stable 
suspensions of nanotubes in aqueous solution.  This was achieved by engineering a 
designated hydrophobic poly(N-cetyl-4-vinylpyridinium bromide-co-N-ethyl-4-
vinylpyridinium bromide-co-4-vinylpyridine) polymer whose hydrophobic and positively 
charged hydrophilic structural makeup served our purpose well in both dispersing and 
stabilizing the nanotubes and at the same time forming suitable platform for cells 
attachment.  The first part of the study was dedicated to characterizing the polymer-
modified nanotubes.  Many techniques such as high-resolution transmission electron 
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microscopy (HRTEM), atomic force microscopy (AFM), Raman spectroscopy, and 
UV/Vis/NIR absorption spectroscopy have proven very powerful in gaining valuable 
insights about the polymer/nanotube system.  Results from these techniques have led us 
to conclude that the stability of nanotubes and their dispersion depends on the way the 
polymer attaches to the nanotube surface.  HRTEM showed that the polymer forms a 
uniform layer around the nanotube surface.  The size of this coating was also determined 
by HRTEM supported by AFM.  Absorption measurements indicated that the electronic 
structure of the nanotubes was preserved after the modification as identified by observing 
no changes in the spectral features of the absorption bands of transitions between van 
Hove singularities.  Raman spectroscopy gave further valuable insights about the mode of 
polymer interaction with the nanotubes.  An upshift in the spectral positions of the radial 
breathing modes and the tangential G-band of nanotubes was noticed after the 
incorporation of the polymer with the nanotubes.  A narrowing in the G-band spectral 
width, which is an indicative of nanotubes debundling, was also noticed in the 
polymer/nanotubes Raman spectrum.  All these microscopic and spectroscopic 
observations combined had led us to conclude that the polymer attaches to the nanotubes 
in a non-covalent manner where its hydrophobic groups wrap strongly around the 
nanotubes in elongated fashion separating nanotubes bundles whereas the hydrophilic 
groups of the polymer remain on the surface exposing the nanotubes to the aqueous 
hydrophilic medium [54].   
Obtaining stable dispersion of nanotubes facilitated the further processing of 
nanotubes.  Layer-by-layer assembly was adopted in the present study to construct 
composites of polymer modified nanotube thin films and freestanding structures.  Raman 
signature of single-walled carbon nanotubes was still observable after the incorporation 
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of the modified nanotubes into forms of thin film structures.  This study has yet proven 
the advantageous usefulness and effectiveness of the layer-by-layer assembly in 
designing nanotube structures with controlled mechanical and electrical properties and at 
the same preserving their identity.   
The issue of single-walled carbon nanotubes biocompatibility and impact on living 
systems is an extremely important issue to be addressed and has found very limited 
research effort in literature [175].  One of the integral goals of this study was to address 
this subject utilizing mainly the two powerful confocal and scanning electron 
microscopic techniques.  One of the major findings of this research work was our 
observation of that more than %94 of NG108-15 hybrid cells were seen to remain viable 
on the surface of the modified nanotube LBL films even after 10-days incubation.  The 
cells were also seen to exhibit their natural processes of division, proliferation, and 
differentiation on the surface of various nanotube films of different roughness and 
thickness.  These results directed us to the important conclusion that the polymer-
modified single-walled carbon nanotubes and their assembled LBL structures are 
biocompatible and support the long-term viability and survival of the neuronal NG108-15 
hybrid cells.  Additionally, these nanotube based LBL films can be used as permissive 
substrates for cell culture and neuronal growth [175].   
This study confirmed the role played by culture substrates surface properties in 
determining the degree of cells differentiation.  Neuronal NG108-15 cells were seen to 
exhibit more induced differentiation, characterized by more neuronal branching and 
longer neurites length, on the surface of the positively charged 1-, 5-, and 10-LBL films 
compared to their differentiation on the surface of negatively charged culture dish.  This 
concludes that substrates coated with LBL layers of the positively charged 
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polymer/nanotube composites can be used as more favorable substrates for cell culture 
over commonly used negatively charged culture dishes.  The presence of the positively 
charged coating, imparted by the dispersing polymer, on the surface of the nanotubes was 
concluded to play the major role in promoting better neuronal outgrowth and elaboration 
on the nanotube films.  Surface roughness and the thickness of the assembled LBL films 
were also proposed to induce slight effect on the process of neurites branching.  Cells 
adhered to a smooth surface, presented by the 1-LBL film, were seen to exhibit more 
neuronal elaboration than cells adhered to a film with a rough surface and a thick coating 
(approximately 250-300 nm thickness), presented by the 10-LBL film.  These results 
propose the possibility of constructing structural composites of modified single-walled 
carbon nanotubes with optimized surface properties for maximal neuronal growth and 
differentiation.   
This study presented, for the first time, the possible utilization of freestanding 
structures of modified single-walled carbon nanotube as supporting platforms for 
neuronal growth.  NG108-15 cells were seen to attach freely to the surface of the 
freestanding structure.  They were also seen to exhibit induced differentiation 
characterized by extending long neurites that branch into many neuronal processes that 
were seen anchored to the surface of the formed nanotube structure.  Surface features and 
morphological texture induced by stretching the nanotube freestanding structure were 
seen to guide neurites elaboration and outgrowth [175].  Such formed freestanding 
structures of modified single-walled carbon nanotubes possess high mechanical strength 
(70 MPa tensile strength) that makes them attractive as reinforcing structures.  The 
flexibility, non-biodegradability, inertness, and durability of single-walled carbon 
nanotubes all add extra advantages to such materials over other currently used materials.  
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Based on our observations, nanotube-based nanodevices can soon be engineered with 
optimized mechanical and functional properties to be used as useful devices in tissue 
engineering and as external implants and prostheses.  Furthermore, such devices can be 
used as platforms for neurites regeneration and repair following neuronal related injuries 
such as spinal cord injuries or brain injuries.   
One very important possible application of single-walled carbon nanotube based 
structures was demonstrated in the last part of this study.  Layer-by-layer assembled films 
of polymer-modified single-walled carbon nanotubes were demonstrated, for the first 
time, as conductive substrates for neuronal stimulation [177].  In the voltage patch clamp 
configuration, electrical response from NG108-15 neuronal cells was measured as a 
function of externally applied voltage through the nanotube films.  Such stimulation was 
seen to partially depolarize the cells and activate outward currents through the cells 
membrane.  Better cells differentiation on the nanotube film was concluded to contribute 
to better cell membrane excitability.  More current response was observed from cells 
stimulated directly through the nanotube film than from cells adhered to glass surface and 
stimulated through the conductive physiological medium [177].  These observations 
indicated strongly an established electrical communication between the modified single-
walled carbon nanotubes and living NG108-15 neuronal cells.  Interfacing nanotubes 
with neurons can be very essential for neuronal circuitry analysis.  Our results indicate a 
great promise of nanotubes to be incorporated into the design of nanodevices with 
maximized electrical properties and high sensitivity to be used as stimulating and sensing 
devices of neuronal signals.  Moreover, such devices can be used to promote neuronal 
communication and establish synaptic contacts between neurons.   
We believe that the results obtained from this study had weakened the boundaries 
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between inorganic materials and living organisms.  It holds a promising scientific work 
for a promising future of single-walled carbon nanotubes.  The output of the study is 
considered very important and very essential for further utilization of nanotubes and their 








Based on the present study follows many possible future studies that will utilize the 
present system or similar ones for various biological and biomedical applications.  To 
further address the issue of single-walled carbon nanotubes biocompatibility and toxicity, 
the viability of cells can be examined following their growth and differentiation on the 
surface of nanotube structures.  This could provide insights about the health impacts and 
the long-term effect of nanotube-based implants on cells and tissues after such implants 
are removed from the body.  Moreover, methods such as thermal annealing (at elevated 
temperatures) can be applied to eliminate the polymer monolayer coating on the 
nanotubes following their processing into multilayers of LBL films.  Such composites 
can be then incubated with the cells and the growth and differentiation of cells can be 
examined to give direct information on the biocompatibility of single-walled carbon 
nanotubes in direct interface with the living cells. 
One important future aspect of the present study is the investigation of single-walled 
carbon nanotubes as sensing materials of neuronal signaling.  Utilizing their good 
electrical conductivity, single-walled carbon nanotubes can be used as based materials in 
transistor devices to sense the neuronal and synaptic contact signals.  Such devices can be 
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useful in sensing signals from tumor infected brains which can help the early detection of 
cancerous cells in the brain.  Single-walled carbon nanotubes can also be used as 
infrastructures of actuators that can be used to convert electrical energy into mechanical 
energy.  This can be useful in fabricating artificial muscles based on nanotubes.   
In the future, devices based on single-walled carbon nanotubes can be utilized as 
extracellular implants, prostheses, and orthopedic devices.  For example, layer-by-layer 
assembly can be utilized to deposit and arrange single-walled carbon nanotubes in a 
specific pattern to form structural matrices that can be used to control the neuronal 
outgrowth and regeneration, which is very essential for treatments after neuronal injuries.  
It can also be possible soon to fabricate nanodevices based on single-walled carbon 
nanotubes with novel mechanical, electrical, and functional properties that can be used 
for various biological and biomedical applications, in general.  Studies similar to the 
present one can be conducted on a wide range of culture cells including real neurons, 
cancer cells, and human cells.  In-vivo investigations of modified biocompatible single-
walled nanotubes/cells interactions represent another important route.  In the long term, 
all these potential studies will help uncover some secrets of the functioning mechanism 
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